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Chapter-1 
Introduction 
'This chapter gives a brief insight into material science, importance 
of nano science research and classification of magnetic materials. 
(Dielectric behaviour of materials is briefly explained in this chapter. 41so, 
the chapter discusses various types of po£a»zations arising in the 
dielectric materials particularly in ferrites. In addition, this chapter gives 
a summary of ferrites and their appCuations. 
I 
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1.1 	General Introduction 
Man has always been in search of the materials for the potential applications 
to complete his need and greed. The use of materials such as stone, wood, cloth, 
metals, alloys, loadstone, ceramics, glass, coal, petroleum fuels, plastics, 
semiconductors, radioactive materials, etc., have been remarkably brought the 
changes in the history of mankind. However, the investigation of new materials with 
enhanced properties have initiated in the stone age itself the careful study of synthesis, 
processing and characterization of materials —material science- emerged as a separate 
branch of science with technological and practical meaning only during the last few 
decades. 
Nanotechnology is a broad and interdisciplinary research field involving 
engineering, chemistry, physiology, biology and more, has been growing 
exponentially in the past few years, showing great potential for several technological 
and medical applications, such as early detection, accurate diagnosis and personalized 
treatment of diseases. Nanostructured materials, such as nanoparticles, nanowires, 
nanotubes and thin films provide a particularly useful platform for successful 
development of the paretic and diagnostic applications in the biomedical area. After 
having a careful consideration on these nanoparticle elements into their smallest 
components and then engineering them to attain assorted functions, researchers can 
noticeably improve everything from delicate electronics to life-saving medical 
techniques. These days. nanotechnology is receiving a lot of attention across the 
world. It originates etymologically from the Greek word, "dwarf'. Nanomaterials are 
usually defined as particles, whether they are crystals, rods, or spheres those are 
between 1 to 100 run in size (usually defined by diameter) at least in one dimension. 
This scale is colloquially called nanometer scale, or simply nanoscale. This scale is 
associated with the design, formation and process of materials whose ingredient 
structures subsist at the nanoscale [I]. 	 I 
These nano structured materials are of great scientific interest because they 
stand for a bridge between bulk materials and molecules or structures at an atomic 
level. These materials are mostly inspired in many applications such as microwave 
devices, magnetic resonance imaging (MRI), computer memory chips, magnetic 
recording media, giant magneto resistance (GMR) sensor, magnetically guided target-
specific drug delivery systems, cells, DNAs and genes sorting and delivery, 
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ferrofluids, radio frequency coil fabrication, transformer cores, rod antennas, 
electronic engineering and many branches of telecommunication [2-81. Both shape 
and size of the nanomaterials are important for determining the uniqueness and 
novelty of its physical properties. In addition, it was exposed that magnetization (per 
atom) and the magnetic anisotropy of nanoparticles could be much greater than those 
of a bulk specimen, while differences in the Curie or Neel temperatures between 
nanoparticle and the corresponding microscopic phases attain hundreds of degrees. 
The magnetic properties of nanoparticles are determined by numerous factors, the key 
of these including the chemical composition, the type and the degree of defects in the 
crystal lattice, the particle size and shape, the morphology (for structurally 
inhomogeneous particles), the interaction of the particle with the surrounding matrix 
and the neighboring particles. By varying the nanoparticle parameters like dimension, 
form, composition and construction, one can tailor the magnetic and electric 
characteristics of the material based upon them. However, these factors cannot always 
be controlled during the synthesis of nanoparticles nearly equal in size and chemical 
composition; therefore, the properties of nanomaterials of the same type can be 
obviously different, 
1.1.1 Magnetic Materials 
Any material that can be magnetized by applying the external magnetic field is 
called a magnetic material. The magnetic properties of all materials are associated 
with the orbital and spin motions of the electrons in their atoms. Electron has two 
types of motion, spin and orbital. When the electron revolves around the nucleus, 
orbital magnetic moment arises and when the electron spins, spin magnetic moment is 
obtained. The response of a material to a magnetic field (H) is a feature of the 
magnetic induction or the flux density (B) and the result that a material has upon the 
magnetic induction in a magnetic field is given by the magnetization (M). The 
equation involving these three magnetic quantities is: 
B—NH 
=ko{4 H 
i.e. B =po(4H+yoH-poH 
=µoH+poH(µr I) 
=µ0H + poM 
3 
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where the magnetization M is equal to H (,u,- I) 
i.e. 	B=po(H+M) 	 (1.1) 
where po is a universal constant of permeability in free space and k is the 
magnetic permeability of the material. From equation (II), it is well known that poll 
is the magnetic induction generated by the field alone and goM is the additional 
magnetic induction contributed by the material. The word magnetization of a material 
'M' refers to the process of converting a non-magnetic sample into a magnetic sample 
and is calculated as magnetic moment per unit volume. The magnetic susceptibility 
'g' is defined as: 
X=H 	 (1.2) 
The relative permeability is defined by the ratio of magnetic permeability to 
that of free space. 
F4 = R/Po 	 (1.3) 
1.2 	Classification of Magnetic Materials 
The magnetic behaviour of materials can be classified into the following five 
major categories: 
1.2.1 Diamagnetism 
Diamagnetism is the property of the magnetic material by virtue of which it 
creates the magnetic field in opposition to the applied magnetic field. Diamagnetic 
properties arise due to the realignment of the electrons under the influence of an 
external magnetic field. Diamagnetism is a very weak form of magnetism which is 
nonpermanent and obtained only when an external field is applied. Fig. (1-1) shows 
the atomic arrangement for diamagnetic material with and without applied a magnetic 
field. When a magnetic field is applied the electronic motions are tailored and 
magnetic moment due to the currents is changed. So, there is an induced magnetic 
moment, Diamagnetic materials have relative permeability less than unity. The 
volume susceptibility X for diamagnetic solid materials is of the order of 10 5. When 
diamagnetic materials are placed between the poles of a strong electromagnet, they 
are attracted toward regions where the field is weak. Diamagnetic materials have all 
paired electrons and no net permanent magnetic moment per atom is obtained. The 
diamagnetic effects are very much feeble, to be detected, unless the applied field is 
4 
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strong. The behaviour of a diamagnetic substance is temperature independent. 
Diamagnetic material has the similar nature to that of a dielectric consisting non-polar 
atoms. When a diamagnetic sample is sited inside a non-uniform magnetic field, it 
tends to go from stronger part to the weaker part of the magnetic field. Most of the 
elements in the periodic table including copper, silver and gold are diamagnetic. 
0000 3000 0000 000 0 
0000 0000 
Fig. (1-1): shows the atomic dipole configuration for a diamagnetic material 
with and without an external magnetic freld 
1.2.2 Paramagnetism 
Paramagnetism is the tendency of the atomic magnetic dipoles, in a material 
that is otherwise non-magnetic to align with an external magnetic field, Fig. (1-2). In 
paramagnetic system atomic dipoles are randomly distributed in the absence of 
applied magnetic field. This alignment of the atomic dipoles with the magnetic field 
tends to strengthen it, and is described by a relative magnetic permeability, gr greater 
than unity (or, equivalently, a small positive magnetic susceptibility greater than 
zero), i.e. (R, = p /µo = (1 + zi„) > 1 and X. — 10 3). In pure paramagnetism, the 
external magnetic field acts on all atomic dipole independently and there are no 
interactions between individual atomic dipoles. Such paramagnetic behaviour can also 
be seen in ferromagnetic materials above their Curie lemperature.When paramagnetic 
substances are placed in magnetic field they act like magnets but when the field is not 
present, thermal motion quickly disrupts the magnetic alignment. Paramagnetic 
properties are due to the existence of some unpaired electrons, and from the 
realignment of the electron orbits due to the external magnetic field. Paramagnetic 
materials include magnesium, molybdenum, lithium and tantalum etc. 
5 
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Fig. (1-2): atomic dipole configuration with and without an external magnetic 
field./or a paramagnetic material. 
1.2.3 Ferromagnetism 
Ferromagnetism is a phenomenon by which a material can display a 
spontaneous magnetization, and is one of the strongest forms of magnetism. It is 
incharge for most of the magnetic behaviour encountered in everyday life, and is the 
basis for all permanent magnets. In ferromagnetic materials like (Fe, Co, Ni, some of 
the rare earth elements, their alloys and compounds), large magnetic moments are 
present. In these materials, the dipolar interactions promote a parallel alignment of the 
magnetic dipole vectors, resulting in a material that has a net magnetization in the 
absence of an external magnetic field. Fig. (l-3a) shows the schematic diagram of 
atomic dipole configuration for ferromagnetic material. In ferromagnetic materials (as 
in paramagnetic materials), the alignment of magnetic moments in a magnetic field at 
higher temperature is decreased. With further increase in temperature, the thermal 
agitation exceeds the exchange forces, and above a certain temperature called the 
Curie point the material becomes paramagnetic, the susceptibility of which decreases 
with temperature and obeys the Curie-Weiss law; 
g=C/T-0 	 (1.4) 
where 'C' is the Curie constant and 0' the Curie temperature of the material. 
Below this Curie temperature, magnetization increases and achieves a value, called 
the saturation magnetization. This is because a ferromagnetic substance consists of 
small magnetized regions called domains. 
6 
. 	x46061 ............... 
o~ozo oZOZ~ 
ppp 	___ 
(a) 	(b) 	(c) 
Fig. (1-3): shows varieties of magnetic orderings (a) ferromagnetic, 
(b) antiferromagnetic and (c) ferrimagnetic. 
1.2.4 Antiferromagnetism 
Antiferromagnetism is a phenomenon in some magnetically ordered 
materials in which there is an anti parallel alignment of spins in two interpenetrating 
structures so that there is no overall bulk spontaneous magnetization. These materials 
have a magnetic ordering in which the magnetic moments on alternating atoms in the 
crystals align in opposite direction. The opposite alignment of atomic magnetic 
moments is due to quantum mechanical exchange forces. The net result is that in the 
absence of an applied field, there is no net magnetization. Fig. (1-3b) shows a 
schematic illustration of the antiferromagnetic behaviour. 
1.2.5 Ferrimagnetism 
Materials that are ferrimagnetic have molecular fields that align spins both 
parallel and anti-parallel way to the externally applied magnetic field. In these 
materials the parallel components are stronger than the antiparallel components, 
resulting in a net parallel magnetic field. Also, these materials have a relative 
permeability greater than 1. Fig. (1 -3c) shows a schematic diagram of a ferrimagnetic 
material. Ferrimagnetic substances exhibit a substantial spontaneous magnetization at 
room temperature, just like ferromagnetics, and this fact alone makes them 
industrially important. Like ferromagnetics. they consist of magnetically saturated 
domains, and they exhibit the phenomena of magnetic saturation and hysteresis. Their 
spontaneous magnetization disappears above a certain critical temperature Tc, also 
called the Curie temperature, and then they behave as paramagnetic. The ferrites were 
developed into commercially useful magnetic materials, chiefly during the years 
7 
1933-1945, by Snoek and his associates at the Philips research laboratories in the 
Netherlands. In a classic paper published in 1948, L. Neel provided the theoretical key 
to an understanding of the ferrites, and the word ferrimagnetism is due to him. 
	
1.3 	Insulators or Dielectrics 
Materials can be divided according to their electrical conductivities into three 
main categories: conductors, semiconductors and insulators (sometimes referred to as 
dielectrics). The utilization of electrical insulation is as old as the science and 
technology of electrical phenomenon; it goes reverse at least a century and a half, 
even as the gratitude of particularly electrostatic manifestation of electrification goes 
back to ancient times. Organized investigations of dielectric properties may be traced 
back to the 1870's. Materials those are employed to stop the current flow, especially 
in the context of electrical and electronic engineering, known as insulators. The term 
'dielectric is practically employed for an insulating material when the material is 
utilized in such a way so that its uniqueness goes into as parameters in the description 
of an electrical system. Though, both terms are habitually exercised interchangeably 
to explain materials which are poor conductors of electric current. The main attention 
of them lies in realizing the lowest achievable electrical conduction coupled with 
maximum resistance to destructive breakdown in high electric fields. Additional 
factors such as long life, low cost, chemical inertness and the ability to withstand 
elevated temperatures may be added to the long list of technical specifications which 
must be existed in modern insulating materials working sometimes under extreme 
external stresses. 
1.4 	Polarization 
When an atom is located within an electric field the center of positive charge 
is relocated along the direction of applied field while the center of negative charge is 
displaced in the opposite path. Therefore, a dipole is created. Similarly, when a 
dielectric material is positioned inside an electric field such dipoles are formed in all 
the atoms inside. This procedure of generating electric dipoles which are oriented 
along the field direction is called polarization in dielectrics. 
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1.5 	Types of Polarization 
Polarization occurs due to several atomic mechanisms with an externally 
applied electric field. Polarization is classified into four types: electronic, ionic, 
orientation and space charge. Dielectric materials usually exhibit at ]east one of these 
polarization types depending on the material and also the manner of the external field 
application. 
1.5.1 Electronic Polarization 
Electronic polarization occurs due to the displacement of the positively charge 
nucleus and the (negative) electrons of the atom in opposite directions, on application 
of an electric field. When an electric field is applied, the electron cloud around the 
nucleus and the center of the electron cloud are alienated by a certain distance and 
therefore, a dipole moment is created with each atom. This type of polarization may 
be induced to one degree or another in all atoms. This phenomenon is illustrated in 
Fig. (1 4a).The amount of this shift is proportional to the field strength. Since the 
dipole moment is the product of the charge and the shift distance, dipole moment is 
also proportional to the field strength. This type of polarization is obtained in all 
dielectric materials and, of course, exists only while an electric field is present. The 
electronic polarization is given by: 
Pe=as 	 (1.5) 
where a. is the electronic polarizability of the molecules. 
1.5.2 Ionic Polarization 
Ionic polarization occurs only in those dielectric materials, which have ionic 
bonds like NaCI. When ionic solid are subjected to an external electric field, the field 
acts to displace cations in one direction and anions in the opposite direction, which 
gives rise to a net dipole moment. This phenomenon is illustrated in Fig. (1-0b).The 
magnitude of the dipole moment for each ion pair pi is equal to the product of the 
relative displacement d, and the charge on each ion: 
pr = qdi 	 (1.6) 
The ionic polarization is given by: 
pt =a,e 	 (1.7) 
:7 
where a; is the ionic polarizability of the molecules. 
\o field Applied E field 
4— 
O CDQ O 
Do 
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r t ~ 
Fig (1-4): (a) Electronic polarization that results from the distortion of an 
atomic electron cloud by an electric field. (h) Ionic polarization that results 
from the relative displacements of electrically charged ions in response to an 
electric field. (c) Response of permanent electric dipoles (arrows) to an 
applied electric field, producing orientation polarization. 
1.5.3 Orientation Polarization 
The third type, orientation polarization, occurs in those dielectric materials 
whether liquids or solids which have molecules with permanent dipole moments. 
Polarization results from a rotation of the permanent moments into the direction of the 
applied field, as represented in Fig. (1-4c). Thus when an electric field is applied on 
such molecules which have permanent dipole moment, they tend to align themselves 
in the direction of applied field. The polarization due to such alignment is called 
orientation polarization. The orientational polarization is strongly temperature 
dependent and decreases with increase of temperature. The orientational polarization 
can be shown as: 
po = aoe 	 (1.8) 
where ao is the orientational polarizability. 
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1.5.4 Interfacial or Space Charge Polarization 
This type of polarization occurs in multiphase dielectric materials in which 
there is a change of resistivity between different phases. Generally, it arises from the 
presence of electrons or ions that are able to migrate over distances of macroscopic 
magnitude. Some of these charge carriers have a propensity to become trapped and 
accumulated at lattice defects, impurity centers, voids, strains, or at electrode surfaces 
and so distort the field and produce an apparent increase in the dielectric constant. 
Interfacial polarization is of particular meaning in heterogeneous or multiphase 
materials. Due to the difference in the electrical conductivity of the phases present, 
charge shifts through the more conducting phases and build up on the surfaces that 
separate these from the more resistive phases. Efficiently each conducting region will 
become polarized so that there is an apparent increase in the average polarization of 
the molecules given by: 
P,=a,e 	 (1.9) 
where as is the interfacial or space charge polarizability. Interfacial 
polarization has great importance in practical dielectric systems, since most 
commercial insulators such as impregnated papers, plastics with fillers, and sintered 
ceramics are usually heterogeneous. 
The total polarization of a material is the sum of all the contributions such as 
electronic, ionic, orientation polarizations, and interfacial polarization (pe, pi, po, and 
ps respectively), or 
P=p,+pe+po +p, 	 (1.10) 
It is expected for one or more of these contributions to the total polarization to 
be either absent or negligible in magnitude relative to the others. For example, ionic 
polarization will not exist in covalently bonded materials in which no ions are present. 
1.5.5 Dielectric in Alternating Fields 
At low frequency the polarization follows the alternations of the field without 
any significant lag and the permittivity is self-governing of the frequency and has the 
identical magnitude as in a static field. When the frequency is amplified the dipoles 
will no longer be able to rotate appropriately so that their oscillations will start to lag 
behind those of the field. As the frequency is raised, in the case of interfacial 
11 
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polarization a whole body of charge has to be stimulated through a resistive material 
and this can be very slow course, so the interfacial polarization ceases and cannot 
follow the alternation of the applied field. 
E=E'± iE" 
£„ 
0 ionic 
dipolar + f 
atomic electronic 
L03 	106 	109 	1012 	1015 
microwave infrared VIS UV 
	
<~rAnr is r r 	in 1—i-7 
Fig. (1-5): Dielectric response in diJJereni frequency ranges. 
As the frequency is additionally raised the permanent dipoles, if present in the 
medium, will be totally not capable to follow the field and the donation to the static 
permittivity from this molecular process, the orientational polarization ceases; this 
habitually occurs in the radio frequency range (106-1011 c/s) of the electromagnetic 
spectrum. At still higher frequencies, typically in the infra-red (101 1-10'4 c/s) the 
comparatively heavy positive and negative ions cannot follow the field variations so 
that the donation to the permittivity from the atomic or ionic polarization ceases and 
only the electronic polarization remains. Since the electrons have very small mass, 
they have little inertia and can pursue alternations of the electric field up to very high 
frequencies. Actually, the ceasing of the electronic polarization is not observed until 
the visible or ultra-violet light range of the frequency spectrum. The above effects 
lead to a fall in the permittivity of a dielectric material with increasing frequency (Fig. 
1-5), a phenomenon which is usually referred to as anomalous dielectric dispersion. 
Dispersion arising during the transition from full orientational polarization at zero or 
low frequencies to negligible orientational polarization at high radio frequencies is 
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referred to as 'dielectric relaxation'. Dispersion that arises through the transition from 
full electronic or ionic polarization at radio frequencies to negligible atomic 
polarization at optical frequencies is usually referred to as 'resonance absorption'. 
1.6 	Ferrites 
Ferrites are a class of ceramic ferrimagnetic materials having the modified 
structure of iron. They are non-conducting magnetic media, therefore, eddy current 
and ohmic losses are less than that of ferromagnetic materials. Ferrites also show 
ferromagnetic behaviour as they show spontaneous magnetization below a certain 
temperature. The opposite spins in ferrite results in the lowering of magnetization 
with respect to ferromagnetic metals, where all the spins are parallel, Due to the 
intrinsic atomic level interface between oxygen and metal ions, ferrite has higher 
resistivity compared to ferromagnetic metals. This enables the ferrite to find out 
applications at higher frequencies and makes it technologically very important 
material. The chemical formula of spinel ferrites is given as Mee+ Fe?Oa, where 
Mee represents a variety of divalent metallic ions, such as Zn2t, Mn2+, Cd2' etc. It 
may be written as: 
MeO+ Fe203 = McFe2O4 
In general, it is a solid solution of two such oxides. 
Based on their magnetic coercivity, or persistence of internal magnetism 
ferrites can be classified into two categories: 
• Soft ferrites: Soft ferrites can reverse their polarity of magnetisation devoid 
of a major amount of energy that is essential to reverse the magnetic polarity. 
They have a high value of electrical resistance and so, when used in inductors 
and transformers, eddy current losses are very low. They are usually made by 
a blend of iron, nickel, zinc or manganese oxides. On account of having high 
resistance, soft ferrites are extensively used in the cores of inductors or 
transformers because they result in minimal energy loss. 
• Hard ferrites: Hard ferrites often called permanent magnets. They contain a 
high remanence level since they keep the polarity of their magnetisation once 
the magnetising field has been removed. Hard ferrite magnets are classically 
made of barium, iron or strontium oxides. They are inexpensive and are used 
13 
O.. 
in a wide range of applications, but may be most usually seen in such 
applications as standard household magnets (e.g., kitchen magnets). 
1.7 	Classification and Types of Ferrite 
Considering their crystal structure and magnetic ordering, ferrites can be 
classified as; 
Types 	Structure General Formula Examples 
Spinel Cubic A`Fe204 Ate = Mg, Co, Zn, Ni ,Cd 
Garnet Cubic Lai...Fe2012 (Ln°1 = Y. Sm, Eu, Gd, Er 
Hexa-ferrite Hexagonal M°Fe12019 BUFe12019 
Ortho-ferrite Pervoskite LnFe03 Li = similar as garnets 
1.8 	Spinel Ferrite AB204 Type 
The field of spine] type families is well cultivated as these crystal structure 
oxides are able to become half metallic (Fe304) [9]. This is one of the oldest magnetic 
solid and also known as black iron oxide, magnetic iron ore, loadstone, ferrous ferrite, 
or Hercules stone. It shows strongest magnetism of any transition metal oxide due to 
its fascinating properties associated with the coexistence of ferrous and ferric cations. 
One intriguing feature of this type of ferrite is its structural and electronic flexibility, 
which is capable of incorporating a wide range of cations of different size and valence 
in both of very dissimilar tetrahedral and octahedral sites in the structure. The 
structure of spine) type ferrite was first resolute by Bragg [10]. This is an important 
class of mixed-metal oxides in spine] families, which are represented by chemical 
formula unit AB204 where (A site — divalent cations and B site — trivalent Fe cations). 
The unit cell has the cubic symmetry, consists of eight formula units and electronic 
flexibility, capable units or molecules [AB204]a, for a total of (7x8-56) ions per unit 
cell as shown in Fig.l.6. The 32 divalent oxygen ions those are in direct contact to 
one another gives rise to a closed-pack face-centered cubic lattice in which two types 
of interstitial sites are present that commonly referred as tetrahedral (A-sites) and 
octahedral (B-sites) sites. The local symmetry of the cation sites is cubic in the case of 
tetrahedral (A) site and trigonal in the case of octahedral (B) site. The intermediate 
cation distribution can be expressed as (Di.Ta) [DoT2-s]O4. where b is the degree of 
inversion. 
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In many intermediate spinets, d depends on the preparation technique and, 
more specifically, on the cooling rate after sintering or annealing. 
Spinet ferrites are further classified into three main categories; 
Normal Spinet 	 Inverse Spinel 	 Mixed Spinet 
(a) In normal spinet, all the divalent metal ions are occupied by tetrahedral 
A sites and all trivalent ions occupy octahedral B site. 
(b) For an inverse spinel, all the divalent metal ions are located at 
octahedral B sites and trivalent ions are distributed equally between the 
A and B sites. 
(c) In case of mixed spinels, where divalent ions are present both in 
tetrahedral and octahedral sites [Ill. 
4d) 
Fig. (1-6): Crystal structure of a cubic ferrite. 
1.9 	Applications of Ferrites 
Ferrites are of two types one is soft and second one is hard ferrite that depends 
on the nature of their magnetic behaviour. Soft ferrite is one of the members of the 
family of magnetic material which can be easily magnetized and demagnetized and 
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extensively used in transformer core mainly for television, medical, 
telecommunication, computer, and other industrial electronic system. Hard ferrites 
cannot demagnetized easily once they get magnetized and are most commonly used in 
permanent magnets such as in loud speakers, micro motors. The low loss 
polycrystalline ferrites are of great interest for high frequency applications. Saturation 
magnetization (Ms),  coercive force (He),  initial permeability (pi) and losses are the 
most important parameters for the good quality presentation in application and secret 
by the initial permeability, for the low and high frequency applications. Without 
varying the compositions by the addition of additives or by the various preparation 
methods, it is not generally easy to get the most excellent combination of these 
properties for any particular application. To a certain extent one can, control most of 
these parameters depending on the particular application. 
The other applications of ferrites are as under: 
• Inductors: Ferrites are one of the core materials used in inductors and 
transformers. They are widely used as inductive components in a huge variety 
of electronic circuits as in low noise amplifiers, filters, voltage-controlled 
oscillators, impedance matching networks, Their new applications as inductors 
follow, among other tendencies, to the general trend of miniaturization and 
integration as of ferrite multilayers for passive functional electronic devices. 
Now a days, the multilayer technology has turned out to be a key technology 
for mass construction of integrated devices; multilayer permits a high degree 
of integration density. Multilayer capacitors penetrated the market a few 
decades ago, while inductors started in the year 1980. 
• High Frequency: Ferrites are using extensively for high-frequency 
applications such as in telecommunications and radar systems, as microwave 
technology requires higher frequencies and bandwidths up tolOO GHz, Ferrites 
are non-conducting oxides and consequently tolerate total penetration of 
electromagnetic fields, in contrast with metals, where the skin effect strictly 
limits the penetration of high-frequency fields [12). 
• Ferrites for Electromagnetic Interference Suppression: The major increment 
in the quantity of electronic equipments such as digital circuits in broad band 
amplifiers, communication systems, power controls, digital cameras, scanners, 
computer equipment, control processors, weapons systems, life support and 
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other medical systems and so forth, in small areas, has hazardously improved 
the option of disturbing each other by electromagnetic interference (EMI). In 
particular, the fast expansion of wireless communications has led to 
interference induced by electric and magnetic fields. Electromagnetic 
interference may be defined as the degradation in appearance of an electronic 
system caused by an electromagnetic disturbance [ 13]. The noise from electric 
devices is typically formed at frequencies higher than circuit signals. To keep 
away from, or at least to reduce the EMI, suppressors should work as low-pass 
filters, that is, circuits that block signals with frequencies higher than a given 
frequency value. There are numerous approaches to construct EMI 
suppressors: soft ferrites [14], ferromagnetic metals [15], ferromagnetic-
metaVhexa-ferrite composites [16], encapsulated magnetic particles [17], and 
carbon nano tube composites [18]. 
• High-density write-once optical recording: Thin films of defect spine] ferrites 
may be used as write-once read-many media functioning through blue 
wavelengths, In fact, since these non-stoichiometric ferrites are metastable, 
they can be distorted into corundum phases at moderate temperatures by a 
laser spot. The distorted regions have diverse optical indices from the starting 
ferrite film, making the readout procedure probable. 
• Magnetic sensors: Magnetic sensors are used for temperature control and can 
be made by using ferrite material with sharp and definite Curie temperature. 
Position and rotational angle sensors (proximity switches) have also been 
designed using ferrites. 
• Magnetic shielding: A radar absorbing paint containing ferrite has been 
developed to render an aircraft of submarine invisible to radar. 
• Pollution control: There are several Japanese installations which use 
precipitation of ferrite precursors for searching pollutant materials such as 
mercury from waste streams. The ferrites formed subsequently can be 
alienated magnetically along with the pollutant. 
• Ferrite as electrodes: As fertites have high corrosion resistance, therefore, 
having the appropriate conductivities they can be used as electrode in 
applications mainly in chromium plating. 
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• Entertainment ferrites: Ferrites are largely used in radio engineering and 
television circuits, antennae, video cassette recorders (VCR's), picture tube 
deflection Yokes, fly back transformers, audio and intermediated frequency 
transformers and SMPS transformer for power applications, memory devices, 
digital systems, rapes, audio and video recording heads, electronic devices 
which are operated from low to high frequency range. 
1.10 Site Preferences of the Ions 
There are following factors, which strongly influence the distribution of the 
individual ions for over A and B lattice sites; 
A. The ionic radii of the specific ions 
B. The size of the interstices 
C. Temperature 
D. The orbital preference for specific coordination 
E. The electrostatic energy 
F. Preparation conditions 
The most significant thought would come into view due to the relative size of 
the ion compared to the size of the lattice site. Generally, divalent ions are bigger than 
the trivalent (because the larger charge produces greater electrostatic attraction and so 
pulls the outer orbits inward). The octahedral sites are also bigger than the tetrahedral 
site. Consequently, it would be logical that the trivalent ions such as Fe'*  would go 
into the tetrahedral site and the divalent ions would go into the octahedral site. There 
are two exceptions, that find in Zn2+ and Cd2  which favours tetrahedral sites as the 
electronic configuration is favourable for tetrahedral bonding to the oxygen ions. Thus 
Zn takes preference for tetrahedral sites over the Fe" ions. Although having the same 
ionic radii Zn2 and Co'', Zn prefers tetrahedral sites and Co=' prefers octahedral sites 
because of the configurational exception. 
1,11 Literature Review and Aim of the Present Work 
Structural, electrical and magnetic properties of ferrites studied by various 
workers are shortly discussed here. 
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Cobalt and cobalt containing ferrites have gained significant impact. Cobalt 
has Curie temperature around - 520 °C. and exhibits very high value of coercivity, 
moderate saturation magnetisation and good chemical stability [19]. Hence this 
material is as a gifted candidate for most of the scientific applications at room 
temperature such as data storage devices, magnetic sensors, actuators, targeted drug 
delivery, medical diagnosis, etc. [20-23]. High coercivity makes cobalt a promising 
candidate for high density magnetic storage devices, whereas enhanced magnetic 
anisotropy forces the particles to relax through the Brownian mechanism, giving them 
potential applications as sensors. Many of these properties make them as gifted 
candidates for a variety of applications in biomedical, electronic as well recording 
technologies. In bulk form cobalt ferrite crystallizes in mixed spinet structure with 
space group Fd3m represented as(Cox* Fe3_'x)[Coi-'1Fei+z]O4,  where round and 
square brackets indicate A and B site, respectively, and x depends on the thermal 
history and preparation conditions [24]. A lot of work has been reported in the 
literature about different types of doped Cobalt ferrites synthesized by various 
methods [25], [26],[27], [28], [29], [30], [31], [32], [33], [34] and [35], [36]. Nickel 
ferrite (NiFe104) is an important member of the spine[ family and it is found to be the 
most versatile technological materials suited for high-frequency applications due to its 
high resistivity. In the bulk state, this material possesses an inverse spinet structure, in 
which tetrahedral (A) sites are occupied by Fe ions and octahedral [B] sites by Fe3+  
and Ni" ions. Nickel ferrites find applications in low as well as in high frequency 
devices due to high electrical resistivity, high mechanical hardness and good chemical 
stability. It is mostly used in magnetic recordings, telecommunication, power 
transformers, storage devices and drug delivery systems. It exhibits ferrimagnetism 
that originates from the antiparallel orientation of spins on (A) and [B] sites. The 
magnetic, piezomagnetic and magnetomechanical properties of the nickel-rich ferrites 
were investigated in the last 70 years [37, 381. An extensive amount of research has 
focused on ferrites such as Ni ferrite, Mg ferrite and Ni-Mg based mixed ferrites 
because of their various applications in different areas. As important magnetic 
materials, Ni-Co alloys have potential application in high-density magnetic recording 
media, ferrofluids technology, magnetic resonance imaging, high-temperature 
catalysts, microwave absorber and electromagnetic shielding material. Recently, the 
preparation methods and applications of one-dimensional (ID) Ni-Co alloy materials 
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have been paid more attention due to their unique properties of low dimensionality 
[39]. Iron—nickel alloys are of great interest due to their low thermal expansion 
[40,41] and their remarkable magnetic properties [42-44]. These materials are 
important for applications as well as for fabrication. For example, films of Ni—Fe 
binary alloys are used for recording, memory and storage devices [45,46]. 
Conventional Fe-Co alloys are important soft magnetic materials that have been 
widely and commercially used in industry since it has low coercive field, low 
hysteresis loss, low eddy current loss, high electric permeability and high saturation 
magnetization [47]. Also Ni-Co-Fe alloy has magnetostrictive properties so it can be 
used for making the magneto-resistance element such as a magneto-resistance sensor, 
a magneto-resistance head, etc. [48]. NiCoFe ternary alloys, rich in Co, have been 
reported with higher saturation magnetic flux density and lower coercivity than 
Permalloy (NiROFe20), which can be used to develop more sensitive thin film 
magnetic heads for high-density recording [49]. NiCoFe ternary alloys, rich in Fe 
have been noted and demonstrated to have low thermal expansion property and the 
commercial applications of these alloys include microwave guides, spacecraft optics, 
laser housings, and printed wired boards [50,51]. At the same time, the hardfacing 
alloys based on Co or Ni are used for their high mechanical and chemical properties 
especially their wear and corrosion resistance at high temperature [52,53]. 
Due to this remarkable importance we have studied Ni-Co-Fe ferrite system 
with a chemical formula Co0,5Fe2-,Ni0.5+10A4 (0.0 <_ x <0.4). 
Several researchers have focused on ferrites such as Ni ferrite, Mg ferrite and 
Ni-Mg based mixed ferrites because of their potential applications [54]. NiFe2O4 and 
MgFe2O4 are well-known inverse spinet structures with Mgt- and Ni24 ions situated 
on the B sites and Fe' ions distributed equally over A and B sites [55,56]. Some 
selected researches on different ferrite compositions have been presented by; M. A. El 
Hitihas studied the do conductivity for Ni1Mgt_,Fe204 ferrites [57].V.K. Mittal et al 
have studied the solid state synthesis of Mg—Ni ferrite and characterization by XRD 
and XPS [SR).The effect of substitution of Fe j  ions by Cr)*  ion have been considered 
by various workers [59-62]. Lee et al. have pointed out the magnetic properties and 
found that magnetic moment and Curie temperature decreases with Cr;+ substitution 
[63]. Magnetic properties like remanence and coercivity which are of greatest 
technological importance could be modified and controlled by Cr" substitution [64]. 
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It was also found that the crystallographic transport and magnetic properties were also 
affected for Cr-substituted ferrites [65]. 
As the Ni-Mg ferrite is also an interesting combination and Cr" ions can 
produce some useful results, therefore, we have prospered Nio.5Mga5CrxFe2.,O4 (0.0 5 
x 51.0). 
Multilayer chip inductors (MLCIs) have just built-up as a surface mounting 
device (SMT) for miniaturization of electronic devices. This device came into 
existence in 1980s by thick film printing and co-firing technologies using low 
temperature-sintered Ni-Cu-Zn ferrite and Ag electrode. Now-a- days, MLCIs are 
designed for the latest electronic goods such as cellular phones, video cameras, 
notebook computers, hard and floppy drives, etc., and that need small dimensions, 
lightweight and better functions. The conventional wire-wound chip inductors can 
only be miniaturized to a convinced limit and lack of magnetic shielding leads to the 
growth of new materials for the multilayer chip inductors. The applications of the chip 
inductors extended as [66-68], (a) combined with capacitors to form inductor-
capacitor (LC) filters, (b) as electromagnetic interference (EMI) filters, (c) as an AC 
choke for active devices (e.g. transistors), (d) used in matching circuits, etc. Apart 
from this, ferrites are used in audio and visual equipment such as liquid crystal TV set 
headphone stereos, computer and telecommunication devices such as personal 
wireless communication systems and automobile telephones [69] etc. Several studies 
have been conducted to enhance the properties of NiCuZn ferrite. Important 
approaches adopted are: (a) the reduction of the particle size to improve densification, 
(b) using sintering aids for better densification and (c) substitutions at tetrahedral and 
octahedral crystallographic sites in the spinet ferrite to improve electromagnetic 
properties. NiCuZn ferrite is a solid solution of inverse NiFe204, CuFe204 and normal 
ZnFe2O4 ferrites. Due to the favourable fit of charge distribution, Nit+ and Cue ions 
show strong preference to `B' sites. Zn2* ions show a strong preference for 'A' sites 
due to its electronic configuration. The structural formula can be represented by 
(ZnyFei-y)[Ni i.,-yCuXFeI.Y]O<, where first bracket is represented by tetrahedral `A' site 
and second bracket is represented by octahedral 'B' site. Ni-Cu-Zn ferrite is a good 
candidate since it gives a relatively high density at low temperature. 
Magnetism originates in the spin of unpaired electrons. Cations in ferrite 
lattice are separated by oxygen anions. Oz- has no magnetic moment since it has 
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completely filled shells, with p-type outer most orbitals. Ni" (d8), Cue (d9), Zn
2+ 
(d1°) and Fe3` (d`) cations of the ferrite have 2, 1, 0, and 5 unpaired electrons 
respectively. So divalent Ni, Cu and trivalent Fe have magnetic moments due to 
unfilled 3d sub-shell. Zn2+ by contrast, is diamagnetic because the outer sub-shell of it 
is completely filled. NiCuZn ferrite has been synthesized through solid state method 
by many investigators [70-77]. In this method, different metal oxides are mixed and 
calcined to get ferrite powders. However, mechanical mixing of different oxides is 
hardly intimate and homogeneous and hence it results in composition fluctuation at 
every stage of processing that also persists after sintering [78]. Solid state process 
requires calcination temperature more than 750°C for phase formation and sintering 
temperature more than 1000°C to attain better densification. At this high sintering 
temperature, evaporation of Zn leads to the formation of chemically inhomogeneous 
material [79]. Chemical methods overcome the limitations of the method. Hsu et al. 
[80] obtained crystalline ferrite particles with particle size of about 30 nm. Rahman et 
a]. [81 ] reported that the average crystallite size of as dried ferrite powder was 10 nm 
and crystallite size influenced the coercivity. Modak et al. [82] reported that the 
coercive field for the ferrite with particle size 12 nm was interestingly low (87Am"' ) 
and the saturation magnetization was moderately high (-50A/m). Co-precipitation 
method using microwave-hydrothermal reaction system was used by Krishnaveni et 
al. [83] to synthesize (Nio.53Zno.35Cuo.I2)Fe2O4 ferrite nanopowders. The particle size 
of the synthesized powder was 10-30 nm. Ghodake et al. [84] reported the synthesis 
of (NiXZntCu(k i_,Fx])Fe2O4 ferrites by co-precipitation technique using oxalate 
precursors. Influence of rare earths on the properties of different ferrites has been 
reported [85-90]. It is known that when Fe3' ions are substituted by Ina+ ions lattice 
parameters are changed. Large size of Ina* tries to increase the lattice parameter and 
strain produced by its substitution in cell, tries to decrease it [91, 92]. Addition of Ina+ 
ions into the ferrite samples may produce a change in structural as well as magnetic 
properties depending on the amount of Ina+ ions used [93,94]. Shirsath et al. underline 
the interesting results as they showed an increase in magnetization with Ina+ 
substitution in NiFe2O4 [95]. Since, no reports have been sighted in the literature on 
the structural, dielectric, impedance, and magnetic phase evolution of nanocrystalline 
Ina +substituted Nio.sCuo.2sZno.2rFe2O4 ferrites, therefore, we have synthesized Ni-Cu-
Zn ferrites by auto combustion method. 
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Copper ferrite presents dissimilarity in its magnetic properties depending on 
their thermal record of the research [96,97] which is owing to the distribution of Cue+  
and Fe3- between the two non-equivalent sites, namely tetrahedral (A) and octahedral 
[B], provided by the spinel structure. It is renowned that, the gradually chilled copper 
ferrite has a tetragonal deformed spinel structure below 1170 K and cubic above this 
temperature, where the tetragonal deformed phase is due to the Jahn-Teller effect of 
Coe  ions located at tetrahedral (B) sites [98,99]. This abnormal behaviour of copper 
ferrite is due to the improved homogenization and structural perfection of Cu" ion. 
Barkhausen jumps and resistivity of Cu-Cd ferrites has been studied by Wafik et al. 
[100].Thermoelectric power studies of Cu-Cd ferrites have been studied by K. Rama 
Krishna et al [101]. Mossbauer study of the Cu-Cd ferrite system has been studied by 
Panicker et al. [ 102]. The effect of alloying between Cu and Cd ferrites on the density, 
porosity. shrinkage, electrical resistivity and thermo power in a system of mixed (Cu-
Cd) ferrites have studied by A. A. Ghani Awad et al [ 103]. Cu-Cd-Ni for their 
conduction mechanism is studied by A.M. Abo El Ata et al. [104]. Magnetic 
properties of Cd substituted Ni-Cu ferrites have been studied by P. B. Belavi et al. 
11051. 
With the importance of combine Cu-Cd-Ni ions in mind we have investigated 
Cuo.4-o.s.TCdo.2Nio.4+.,,Fe2-o.5 O4 (0.0 < x < 0.5). 
In view of above discussions, the main purposes of this thesis can be listed as 
the followings: 
• Chapter 2 gives a brief discussion on the experimental facilities used in 
preparation of ferrite materials and various characterizations done to 
investigate the structural, electrical and magnetic properties of various ferrite 
materials as prepared. 
• To explore the feasibility of Ni" substituted cobalt ferrite nanoparticles for 
the formation of CoosFez..NiO.sf i.t04 (0.0 < x < 0.4) powdered materials by 
sol-gel auto combustion process and to study the effects of the Ni-+ 
substitution on the structural, electrical, magnetic and dielectric properties of 
Co-Ni powdered materials; (Chapter 3). 
• As noticed from all the preceding literature review, substitution of divalent or 
trivalent metal ions at different sub-lattices in ferrite materials had received a 
lot of attention both fundamental and application points of view. The 
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introduction of non-magnetic ions in spinet ferrites had been found to change 
and modify their electrical and magnetic properties and studies had revealed 
useful information on the nature of the exchange interaction, direction of 
magnetization, cation distribution, spin canting, etc. Keeping in mind the 
above facts, (Chapter 4) is devoted to the investigation of structural, 
electrical, magnetic and dielectric properties of NiusMgo Fe2-.~CS,D4 (0.0 <x 
< 1.0) ferrites prepared by auto-combustion method. 
• Chapter 5 deals with the changes induced when Fe3- ions are substituted by 
Ina in Ni-Cu-Zn ferrite. Addition of Ina' ions has produced a significant 
change in structural as well as magnetic properties. Dielectric, ac conductivity 
and impedance measurements have been performed in the frequency range 
from 42 Hz to 5MHz. The detailed experimental results of as prepared nano 
samples of Nio $Cuo.2sZno z5Fe2-:In.04 (0.0 5 x < 0.4) ferrites are discussed in 
this chapter. 
• Chapter 6 gets insight into the Cu-Cd-Ni-Fe204 magnetic nanoparticles with 
their structural, electrical and magnetic properties in the area of material 
chemistry. This research reports the study of Cuo.R-o.s:Cdo.2Nio 4+Fe2ns,04 (0.0 
~ z5 0.5) nanoparticles and their impact on the structural, dielectric, and 
magnetic activities. 
• Finally, Chapter 7, represents an overview of the results as obtained from all 
previous chapters. Few suggestions towards the future scope have also been 
discussed. 
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Chapter -2 
Experimental and Characterization Techniques 
Tiis chapter deseri6es synthesis of nanopartides and fundamental 
theory of various characterization techniques to study the structural 
electrica(and magnetic properties of the synthesized ferrite matenat, The 
structural studies were carried out 6y using the x-ray cliffractum (fXD) 
method 'fie electrica(properties were studied at room temperature using 
dsefectric and impedance spectroscopy. rl/e magnetic properties at room 
temperature were investigated 6y using the vidrating sample 
magnetometer. 
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2.1 	Preparation Methods of Ferrites 
Research and technology present a basic understanding of phenomenon of 
materials at the nanoscale to generate and utilize structures, devices and systems that 
have novel properties and functions because of their small and/or intermediate size. 
Several methods of synthesizing metal, semiconductor and metal oxide nanostructures 
have been discussed, including physical and chemical routs. The majority of these 
methods does not yield a single phase materials with momentous quantity of particles 
with narrow size distribution. As a result, there is all the time a desire to utilize a 
simple and economic method to fabricate the single phase and high quality materials. 
Various techniques such as sal—gel process [1], the solid-state method (2], the salt 
melting method [3], ball milling [4], self-propagating high temperature synthesis [5], 
chemical co-precipitation method [6-8], hydrothermal [9], sono-chemical method [10-
11], oxidation [12] and reverse micelle technique have been used in recent years for 
the synthesis of nano-ferrite material [13,14]. Ferrites are usually formed by 
conventional ceramic process involving high temperature over 1000 °C by mixing the 
oxide raw materials or carbonates. But the high temperature processing yield rather 
large or non-uniform particles in size required for reducing the core losses. These 
non-uniform particles, or compacting, result in the arrangement of voids or low 
density. Shape-controlled synthesis of nanocrystals is an ever experimental challenge. 
Successes in shape control of nanocrystals have been reported in the synthesis of 
metals and semiconductors. Clearly, it is desirable to develop strategies for shape 
controlled synthesis of complex metal oxides possessing rich properties, especially 
the electric and magnetic characteristics. The synthesis of nanomaterials have been 
classified into two main approaches as top-down and bottom-up methodologies 
(Fig.2.l).Current advances in synthesis and processing of functional materials for 
high technology emphasize the bottom-up approach to assemble atoms, molecules and 
particles from the atomic or molecular scale to the macroscopic scale. Increasing 
interests have been found in chemical synthesis and processing of nanostructured 
materials [15-19]. The methods of preparation play an important role for enhancing 
structural, electrical and magnetic properties of spinet ferrites for various applications 
such as high density magnetic storage, bubble devices, electronic communication 
devices, sensors, magnetically guided drug delivery. As there are a number of 
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methods accessible for the production of nano ferrites such as sol-gel, citrate-gel 
(modified sol-gel) method. They are described in detail as: 
2.2 	Synthesis of Nanomaterials 
2.2.1 Sol-gel Method 
Sol-gel method in general, refers to the hydrolysis and condensation of metal 
alkoxides or alkoxides precursors. This process is a wet chemical process for the 
fabrication of ceramic and glass materials. This technique involves the conversion of 
a system from a colloidal liquid, named sol. into a semi-solid gel phase [21, 22, 23]. 
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Fig. 2.1: Schematic representation of the building tip of Nanostructures [20]. 
The introductory material (or precursor) used to create the "sol" generally 
contains inorganic metal salts or metal organic components, such as metal alkoxides. 
These precursors are submitted to a sequence of hydrolyse and polymerisation 
reactions to generate a colloidal suspension (or "sol"). The SOL is completed by solid 
particles of a diameter of few hundred of nm suspended in a liquid phase. Then the 
particles compact in a new phase (GEL) in which a solid macromolecule is occupied 
in a liquid phase (solvent). Drying the GEL by means of low temperature treatments 
(25-1001), it is probable to get porous solid matrices (XEROGELs). The basics of 
this procedure are to generate ceramic material at a temperature close to room 
temperature. Therefore, such a procedure opened the possibility of incorporating in 
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glasses soft dopants, such as fluorescent dye molecules and organic cromopbores. 
Sol-gel process involves the following distinct steps: 
Step 1; This step involves the formation of stable solution of the alkoxide or 
solvated metal precursor that is known as sot. 
M-OR + H2O —' M-OH + ROH 	 (2.1) 
Step 2: In this step, : Gelation resulting from the formation of an oxide- or 
alcohol- bridged network (the gel) by a polycondensation or polyesterification 
reaction that results in an affected raise in the viscocity of the solution. This gel may 
be shed into a mold during this step. 
M-OR + MOM —+ [M-0-M]n  + ROH 	 (2.2) 
M-OH + M-OH --' [M-(OH)2-M] 	 (2.3) 
Step 3: Aging of the gel (syneresis), through which the polycondensation 
reactions carry on until the gel converts into a solid mass, accompanied by reduction 
of the gel network and ejection of solvent from the gel pores. Ostwald ripening and 
phase transformations may occur concurrently with syneresis. The aging course of 
gels takes place several days and is serious to the avoidance of cracks in gels that have 
been cast. 
Step 4: Ventilation of the gel, while water and other volatile liquids are 
detached from the gel network. This procedure is difficult due to fundamental 
alteration in the structure of the gel. The ventilation progression has itself been broken 
into four distinct steps [24]: (i) the stable rate time, (ii) the critical point, (iii) the first 
declining rate period and (iv) the second falling rate period. If isolated by thermal 
evaporation, the resultant monolith is termed a xerogel. If the solvent is extracted in 
supercritical or near supercritical circumstances the manufactured material is an 
aerogel. 
Step 5: Dehydration, through which surface confined M-OII groups are 
detached thus stabilizing the gel against rehydration. This is usually attained by 
calcinate the monolith at temperatures up to 800°C. 
Step 6: Densification and decomposition of the gels at high temperatures (F> 
800°C). The pores of the gel network are indistinct and remaining organic species are 
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volatilized. This step in general reserved for the research of dense ceramics or glasses. 
All these steps are graphically represented in Fig. 2.2. 
The Sol-Gel process allows synthesizing materials of high purity and 
homogeneity by means of training that are different from the traditional process of 
fusion of oxides. This procedure offers numerous reward over other methods such as, 
controlled stoichiometry, high-purity, phase-pure powders at a lower temperature and 
flexibility of forming dense monoliths, thin films or nanoparticles. Sol-gel technology 
is very well-organized in producing various functional materials in which particle 
size, porosity, thin layer thickness, separation of particles with different compositions 
and structures could be managed and successful applications can be obtained. They 
may be summarized in a scheme (Fig. 2.3) after following the analysis of Sakka (251 
where examples of materials applied in various technologies are given. The history of 
sol-gel and the development of materials by using them are far from ending. The 
possibility of varying both parameters and precursors is endless. 
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Fig. 2.2: Reaction and processing steps in the sot-gel process. 
2.2.2 Citrate-gel (modified sol-gel) Method 
A process associated with the sol-gel route is the Pechini, or liquid mix, 
process. This method was investigated in 1967 as a system of depositing dielectric 
films of titanates and niobates of lead and alkaline-earth elements in the production of 
capacitors. 
35 
Applications of sol.gel method 
Optical and 	i Electronic functions phobnic functions 	a (fertolactrlctty electronic and' 	Thermal function 
ionic conduction) 
Fkaonscsncs s01sr eoMsclor, 
soNrcow 
Laser sN!ment, light guide: 
opfcal switching. light 
arnpincstbn. antlnmeetmy 
coatings: 
non-hwar optical stieel 
(second Qansrafbn} 
Capacitor. plazoolsctric 
transfr: 
Non-vobtils memory, 
transparent 
semkQnduetDre: 
solid 01.ctrotyia (t+atbrt'. 
diet ceft 
Rshtbry asrM~bs, M 
wood. aoroysls: 
Low expansion cqrnnks: 
Ch mlcal tumwom 
	
Biomedical functions Mechanical functions 
J Catalyst.mwmbran•, gas 	 h a t. ►roollcumrl~►MrOetat. 	barrier. r")~t OYe "aR watad snp4nt sum" a rai"" a0raslw msalcrlt st 
Fig. 23: Applications of sol-gel method according to S. Sakka [25]. 
Later, the process was customised for the in-lab synthesis of multi component 
finely dispersed oxide materials. This method is based on a rigorous blending of 
positive ions in a solution, controlled transformation of the solution into a polymer 
gel, removal of the polymer matrix and development of an oxide precursor with a 
high degree of homogeneity. In this method an aqueous solution of suitable oxides or 
salts are mixed with an alpha-hydroxycarboxylic acid such as citric acid. Chelation, or 
the arrangement of complex ring-shaped compounds around the metal cations, takes 
place in the solution. A polyhydroxy alcohol is then added, and the liquid is heated to 
150-250 °C (300-480 °F) to allow the chelates to polymerize, or form large, cross-
linked networks. Surplus water is removed by heating, a solid polymeric resin results. 
Initially, Pechini used citric acid in this method because citric acid is a weak acid and 
has three carboxylic and one hydroxyl group for coordinating metal ions and therefore 
enhances the homogeneous mixing. Citric acid helps for the homogenous distribution 
and segregation of the metal ions. During water dehydration, it suppresses the 
precipitation of metal nitrates because it has electronegative oxygen atoms interacting 
with electropositive metal ions. Therefore, at a relative low temperature the precursors 
can form a homogenous single phase. 
36 
2.3 	Characterization Techniques 
2.3.1 X-ray Diffraction 
The Nobel Prize for the discovery of X-ray diffraction (XRD) was achieved by 
a German Physicist, Max von Laue. He invented that crystalline substances task as 
three-dimensional diffraction gratings for X-ray wavelengths according to the spacing 
of planes in a crystal lattice. This technique is useful for all forms of samples, i.e. 
powder and bulk as well as thin film. At the earliest, this technique was used only for 
the resolution of crystal structure but today this is applied, not only to structure 
determination, but to such diverse problems as chemical analysis and stress 
measurement, to the study of phase equilibria and the measurement of particle size, to 
the determination of the orientation of one crystal or the ensemble of orientations in a 
polycrystalline aggregate.This technique is based on the constructive interference of 
monochromatic X-rays and a crystalline sample. The fundamental of XRD is best 
explained by the Bragg's equation which gives a relationship between the diffraction 
angles (Bragg angle), X-ray wavelength, and interplanar spacing of the crystal plane 
and takes place the condition for the constructive interference for the scattered X-ray 
from the successive atomic planes formed by the crystal lattice of the material 
(Fig.2.4). 
Incident 
plane wave e~ 
2d sin H 
• Constructive interference 
dsin0 
	 when 
• • • • • • nX=2dsin6 
Bragg's Law 
• • . • • • 
Fig. 2.4: Geometrical illustrations of crystal planes and Bragg's law. 
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Fig. 2.5: Laboratory setup of Rigaku MiniJlex II X-ray dffraciometer. 
The Bragg's condition is given by; 
2dsin0 = n2, 
where d is the spacing between diffraction planes, 0 is the scattering angle and 
n is an integer-the order of diffraction and is the wavelength of the beam. 
23.2 Instrumentation 
X-rays are generated in a cathode-ray tube by heating a filament to produce 
electrons, accelerating the electrons toward a target by applying a voltage, and 
bombarding the target material with electrons. A detector precedes this X-ray signal 
and converts the signal to a count rate which is then output to a device such as a 
printer or computer monitor. The detector movement is coupled with the X-ray source 
in such a means that it constantly makes an angle 20 with the incident direction of the 
X-ray beam. The resulting spectrum is a plot between the intensity recorded by the 
detector versus 20. These spectra contain several components, among them the most 
common are Ka and K. Ka has two parts as Kai, and Ka2. Kai has a little shorter 
wavelength and double the intensity as Ka2_ The specific wavelengths are the features 
of the target material (Cu, Fe, Mo, and Cr). Filtering, by crystal monochromaters, is 
essential to produce monochromatic X-rays desired for diffraction. Kai, and Ka2 are 
suitably close in wavelength such that a weighted average of the two is used. Copper 
is the familiar target material for single-crystal with Cu Ka radiation = 1.5406 A. 
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These X-rays are collimated and going to the sample. When the sample and detector 
are rotated, the intensity of the reflected X-rays is recorded. When the geometry of the 
incident X-rays impinging the sample satisfies the Bragg equation, constructive 
interference occurs. In the present work, the XRD pattern of our all synthesized 
nanoparticles was recorded by using Rigaku Miniflex diffractometer, shown in Fig. 
2.5. In all the cases the radiation source was Cu-Ka (2 = 1.5406 A). The crystallite 
size was calculated from the most intense peak (311) of XRD data using Debye 
Scheirer formalism: 
t = 0.92/B cos 0 
	 (2.4) 
where p =((ink-~1i2)~rz, X is x-ray wavelength (1.5406 A for Cu Ka), pM and pi 
are the measured and instrumental broadening in radians, respectively and 0 is the 
Bragg s angle in degrees, t is the average crystallite size, X the X-ray wavelength, K is 
the Scheirer constant which equals to 0.9 for spherical particles. The Schemer formula 
is acceptable for small grains (large broadening) in the absence of the major 
microstrain. A microstrain explains the relative mean square deviation of the lattice 
spacing from its mean value. Based on the grain size dependence of the strain it is 
reasonable to assume that there is a radial strain gradient, but from X-ray diffraction 
only a homogeneous, volume-averaged value is obtained. 
2.33 Field Emission Transmission Electron Microscopy (FETEM) 
The first transmission electron microscope (TEM) was invented by Dr. Ernst 
Rusks at the University of Berlin in 1931. For that, and other related work, he was 
awarded the Nobel Prize in physics in 1986.The TEM is a multifarious viewing 
system organized by a set of electromagnetic lenses used to control the imaging 
electrons in order to generate the extremely fine structural information that are 
normally recorded on photographic &lm. Since the illuminating electrons pass through 
the specimens. the information is said to be a transmitted image. The image is formed 
as a shadow of the specimen on a phosphorescent screen. In this technique electrons 
are used as "light source" and their much lower wavelength make it promising to find 
out a resolution a thousand times better than with a light microscope. Modem TEMs 
use a field emission (FE) source for their electrons. It can get magnifications of one 
million times with resolutions of 0.1 nm. At this time this technique has turned into a 
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multitalented and crucial instrument in exploration of nanornaterials. The schematic 
diagram of the FE-TEM instrument used is presented in Fig.2.6. In this, electron beam 
emitted from the electron gun is accelerated by accelerating voltage of 200KV. The 
focused beam is incident on the specimen surface and interacts with the specimen. 
The transmitted electrons form an image and the final enlarged image is projected on 
a fluorescent screen. 
2.3.4 Field Emission Scanning Electron Microscopy (FESEM) 
The field emission scanning electron microscopy (FESEM) is an electron 
microscope that images the sample surface by scanning it by a high-energy beam of 
electrons in a raster scan pattern. It is used for the analysis of shapes and spatial 
differences in properties such as chemical composition, crystalline phase 
distributions, and examination of orientations of individual crystals within a 
polycrystalline sample. In addition to logical and imaging capabilities, the FESEM is 
also capable of electron beam lithography, which is an imperative technique in 
numerous fields including engineering and physics in addition to geological sciences. 
Field emission microscopes differ from conventional SEMs in several significant 
ways. The superior FESEM as shown in Fig. 2.7 probe allows one to obtain images of 
significantly higher resolution as compared with conventional SEMs. Researchers in 
biology, chemistry and physics employ this instrument to study structures that may be 
as small as few nanometers. The energy dispersive X-ray detector (EDX) can sort the 
X-ray signal by energy and produce elemental images, so the spatial distribution of 
particular elements can be detected by SEM. SEM usually has resolution of 1 run for 
I KV, even resolution of 0.6 run is possible for 5 KV. Working of this technique takes 
place such as an electron beam is thermionically liberated from an electron gun that is 
fitted with a tungsten filament cathode. Within the high vacuum column these so-
called primary electrons that are focused and deflected by electronic lenses to create a 
narrow scan beam that bombards the object. As a consequence the "electron hail" 
secondary electrons are dislocated from each spot on the object. The smaller the angle 
of incidence of the electron beam is with respect to the sample surface and the higher 
a certain point is in the sample, the more secondary electrons are able to reach the 
detector and the lighter this appear in the final image following electronic signal 
amplification and digitalization. Also, the composition of the sample has an effect on 
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the number of deflected electrons too and thus on the 'gray value' of the corresponding 
pixel in the final image. 
Fig. 2.6: Schematic diagram of Field Emission Transmission Electron Microscope. 
Fig. 2.7: Schematic diagram of Field Emission Scanning Electron 
Microscope. 
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2.3.5 Fourier Transform Infrared (FTIR) Spectroscopy 
The term Fourier Transform Infrared Spectroscopy (FTIR) refers to a fairly 
new growth in the way in which the data is collected and converted from an 
interference pattern to a spectrum. Today's FTIR instruments are computerized which 
makes them faster and more responsive than the older dispersive instruments. FTIR is 
most helpful for identifying chemicals that are either organic or inorganic on the basis 
of its response to infra-red radiation. It can be utilized to quantitative some 
components of an unfamiliar combination. It can be functionalized to the analysis of 
solids, liquids, and gasses. It can be used to identify chemicals from spills, paints, 
polymers, coatings, drugs, and contaminants. It is the most powerful tool for 
identifying types of chemical bonds (functional groups). In this technique a sample is 
put in the pathway of an IR radiation source and its absorption of different IR 
frequencies is measured [26, 27]. Infrared (IR) spectroscopy measures the infrared 
intensity versus wavelength (wave number) of light. Based upon the wave number, 
infrared light can be categorized as far infrared (4 — 400cm'), mid infrared (400 — 
4,000 cm-') and near infrared (4,000 --14,000 cm'). Infrared spectroscopy utilizes the 
information so as molecules contain specific frequencies at which they rotate or 
vibrate corresponding to discrete energy levels. Using the knowledge of these energy 
levels, a spectrum can then be produced for evaluation of compound identification or 
sample composition. The covalent bonds that catched molecules in concert are neither 
stiff nor rigid, but rather they vibrate at specific frequencies corresponding to their 
vibrational energy levels. The vibrational frequencies succumb on numerous factors 
together with bond strength and the atomic mass. Samples can be ready in more than a 
few ways for an IR measurement. For powders, a small amount of the sample is added 
to potassium bromide (KBr), after which this mixture is ground into a fine powder 
and then compressed into a small, thin, quasi-transparent disc (Fig. 2.8). For liquids, a 
drop of sample may be sandwiched between two salt plates, such as NaCI, KBr and 
NaCI are chosen as neither of these compound shows an IR active stretch in the 
region typically observed for organic and some inorganic molecules. Also, we milled 
our samples with spectroscopic grade KBr and ground for few minutes. As Potassium 
bromide (KBr) does not influence the IR spectrum in the wave number range 4000-
400 cm-'.The powder material was then pressed into disk shaped thin pellet, which 
was then analyzed for different functional groups. Moreover, in the case of samples 
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prepared by the chemical routes especially those involving the organic precursors like 
ethanol, citrate etc. it is essential to confirm the presence/absence of any of these 
groups for further processing. 
Grind into powder 	Compact powder 	
Produce quasi transparent 
into a disc 
disc through which IR 
hearn  casse~ 
Fig. 2.8: Various processes take place in IR spectroscopy. 
Principle of operation 
A common FTIR spectrometer consists a source, interferometer, sample 
compartment, detector, amplifier, A/D convertor, and a computer. Fig. 2.9 shows a 
block diagram of an FTIR spectrometer. 
1.souice 	2.inteferc eter 3sarle 
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Fig. 2.9: Schematic illustration of FTIR .spectrometer. 
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All IR instruments have a source of IR radiation. The infrared source 
generates a broad band of different wavelength of infrared radiation. This radiation 
passes the sample through the interferometer and reaches the detector. Then the signal 
is amplified and changed to a digital signal by the amplifier and analog-to-digital 
converter, respectively. Finally, the signal is transferred to a computer in which 
Fourier transform is passed out, The absorption versus frequency characteristic of 
light transmitted through a specimen irradiated with a beam of infrared radiation gives 
a fingerprint of molecular structure. Infrared radiation is absorbed when a dipole 
vibrates logically at the same frequency in the absorber. The pattern of vibrations is 
exclusive for a given molecule and the intensity of absorption is linked with the 
quantity of absorber, Molecular bonds vibrate at different frequencies depending on 
the elements and the type of bonds. For any given bond, there are several specific 
frequencies at which it can vibrate. 
2.3.6 Vibrating Sample Magnetometer (VSM) 
The vibrating sample magnetometer was invented in 1956 by Simon Foner, a 
scientist of the MIT. This experimental technique has now become a widely used 
instrument for determining magnetic properties of a large variety of materials: 
diamagnetics, paramagnetics, ferromagnetics, ferrimagnetics and antiferromagnetics. 
By using this technique, the magnetic moment of a sample can be calculated with 
high accuracy. A schematic representation of VSM is shown in Fig. 2.10. A vibrating 
sample magnetometer (VSM) based on Faraday's law of induction, which tells us that 
a changing magnetic field produces an electric field. This electric field can be 
calculated and can give us information about the change in magnetic field. When a 
material is subjected to a uniform magnetic field, a dipole moment gets induced in the 
sample that is proportional to the product of the sample susceptibility and the applied 
field. If the sample is completed to experience sinusoidal movement, the resultant 
magnetic flux alters near the sample that induces an electrical signal in suitable 
positioned motionless coils. The signal is proportional to the movement, amplitude, 
and frequency of vibration. The samples in powder form have been filled in a 
cylindrical tubes (1mm diameter and 2mm long) carefully. One end of the tube is 
previously closed and the other end was closed by cotton after filling the sample. The 
PEI 
weight of unfilled tube and weight of the tube with sample were calculated so as to 
get the weight of the sample taken for the experiment. 
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2.10: Schematic representation of vibrating sample magnetometer (I:5. 
These tubes were loaded in between the electromagnet using a long sample 
holder. The sample holder rests centered in a pair of pickup coils between the poles of 
an electromagnet. The sample holder is mounted on electromechanical transducer that 
passes through the center of a driving coil. The transducer is ambitious by a power 
amplifier that itself is driven by an oscillator. The sample under investigation is 
restraint to vibrate only along the vertical axis. When the sample vibrates vertically, it 
induces a signal in the pickup coil. The pail of stationary coils picks up the induced ac 
signal. The output of the sample coil is fed to the differential input of a lock in 
amplifier. The reference input of the lock in amplifier comes from the sine wave 
oscillator used to drive the sample holder. 
45 
Y,'wT~6~R7i''r7(r! glut 	 i: 	 I7ur-fi i%~flrNrifi 	....  T _  
Fig. 2.11: Vibrating sample magnetometer Model 740i Lakeshorc. 
The output of the lock in amplifier as well as the strength of the applied field 
measured by gauss meter whose probe is located at the center of electromagnet give 
to data acquis*0*,o►t system. The specifications of the instruments and the parameter: 
set at the tine• of experiment are as above. 
In our study, the measurement of the field dependence of th' m; ::: i+z : 	fc I 
materials, was performed with the VSM Lake Shore (Model 740. 	~.' ' . 	in 
an electronrihnet capable of deliver fields up to 1.5 Tesla. The magnetotnc:,.- :: .big 
to detect:, magnetic moments down to 10 6 emu. Room temperature, 'iigt. 
temperau:r.• (up to 1273K) and low temperature (up to 10K) measurements can K-
performe o with the help of a high temperature oven and cryostat assembly. For 
,1 i;pining precise results with VSM a great care should be taken during rj:n  
,W;. , .'."i ,ration of the vibrating sample magnetometer is m'_,t. !'#r_ n<<~;- 
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calibrations were performed using a standard commercial Nickel sample with a 
known saturation magnetization of 6.92 emu in the presence of an external magnetic 
field of 5000 Oc. After calibration, the measurements were being performed. 
23.7 Dielectric & Impedance Spectroscopy 
2.3.7.1 Dielectric Constant 
A dielectric material is an electrically insulating (nonmetallic) material that 
exhibits an electric dipole structure; that is, there is a separation of positive and 
negative electrically charged entities on a molecular or atomic level. As a result of 
dipole interactions with electric fields, dielectric materials are utilized in capacitors. 
Dielectric constant is usually used to get the capability of an insulator to store 
electrical energy. Various polarization mechanisms in solids such as atomic 
polarization of the lattice, orientational polarization of dipoles, space charge 
polarization etc. can be explicit readily by recitation the dielectric properties as a 
function of frequency and temperature. In general, the dielectric constant is the ratio 
of the capacitance induced by two metallic plates with an insulator between them to 
the capacitance of the same plates with air or a vacuum between them. It scales the 
inefficacy of an insulating material [28]. If the material is to be used for firmly 
insulating reason, it would be better to have a lower dielectric constant. The dielectric 
constant of solids can greatly vary in magnitude with variations in their structural 
properties. Any mechanism of polarization can proceed in solid bodies. 
A vacuum capacitor with an electric field E between its metallic plates has an 
interfacial chargeQ 0 =e0 E, 
where ep = 10 =8 854x10-' F/ m is the dielectric permittivity of free space. If the 
4nC' 
field E varies with temperature, the charge Qo follows accurately, there is no "inertia" 
in the vacuum response. If the capacitor is filled with a material medium-gaseous, or 
solid, the charge induced is increased by the polarization P of the medium, so 
Q=Qo +P=s,(I+x)E=eE 	 (2.5) 
where e is the permittivity and g is the susceptibility of the dielectric medium. The 
dielectric constant, c of the sample was computed using the formula. 
C 
s'=C, , 	 (2.6) 
0 
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where C is the measured capacitance and C3 =e0 A, where, co is the 
permittivity of free space, A is area of the electrode and t is thickness of the sample. 
The loss tangent is the dissipation factor itself. 
Carrier polarization covers a very wide range of mechanisms and materials, 
the one common feature being that the charge carriers involved move by 
discontinuous hopping jumps between localized sites, they may be electrons, polarons 
or ions. Electrons or polarons normally jump between sites randomly distributed in 
space and in energy but it is almost impossible to differentiate between them 
experimentally. The d.c. conductivity is strong-minded by hops in percolation paths 
between the two electrodes, whereas the a.c. conductivity is thought to arise from 
more limited displacements. In contrast, ions move typically over much smaller 
nearest-neighbour distances and it is particularly interesting to note, therefore, that 
neither the magnitude of the ac. conductivity and its activation energy nor its 
frequency dependence can be taken as reliable guides to the nature of the dominant 
carrier responsible for polarization. 
23.7.2 Dissipation FactorltanO 
Dissipation factor is the reciprocal of the ratio between the insulating materials 
capacitive reactance to its resistance at a specified frequency [29]. The dielectric loss 
in an insulating material that can be described by the power dissipated per unit 
volume, called the specific loss, often, in evaluating the degree to which a dielectric 
can dissipate the energy of the field; use is made of the angle dielectric loss and also 
the tangent of this angle. 
The dielectric loss angle S is the complement of the dielectric phase angle ¢ to 
90°. The angle $ is the angular difference in phase between the voltage and current in 
the capacitive circuit, in the ideal case, the current phase or in such a circuit will lead 
the voltage phase or by 900, and the loss angle 0 will be zero. As the thermal 
dissipation of the electrical energy rises, the phase angle $ decreases, but the dielectric 
loss angle grows and so does its function tan&. 
48 
I 
2.3.7.3 ac Conductivity 
Ac conductivity is the physical property that characterizes the conducting 
ability of a material. The study of electrical conduction is one of the important 
characteristics of dielectric materials required not only for practical application but 
also for the interpretation of various physical phenomena. This is an elegant 
experimental tool to investigate the structural defects and internal purity of material. 
The profound changes that take place in physical and chemical nature of a material 
basically provide information through its conductivity data. Practical information 
regarding the mobility and generation as well as the movement of lattice defects in 
hydrogen bonded molecules can also be achieved by studying the electrical 
conductivity of the material. 
When a capacitor is charged under an a.c. voltage will have some loss in 
current due to ohmic resistance or impedance by heat absorption. If Q is the charge in 
coulomb due to a potential difference of V volts between two plates of a condenser of 
area A. and inter plate distance t, then AC conductivity (anc) due to a.c. voltage V 
(Voe'w') is given by the relation, 
6a.c. = 	 (2.7) 
where J is the current density and E is the electrical field strength vector which is E = 
D=c; D being the displacement vector of the dipole charges and a is the complex 
permittivity of the material. 
For the a.c. conductivity to be a real quantity, the term containing j must be 
neglected, hence 
Q.,. =coe" 	 (2.8) 
In a dielectric material, there will be some power loss due to that some work 
has been done to overcome the frictional damping forces encountered by the dipoles 
for the duration of their rotation. If an a.c. field is assumed, then in an ideal case the 
charging current 1. will be 90° out of phase by the voltage. Other than in the majority 
of the capacitors due to the absorption of electrical energy some loss current, IL will 
also be formed, which will be in phase with the voltage. Charging current Ic and loss 
current IL, will build angles 8 and 0 correspondingly with the total current 1, passing 
through the capacitor. The loss current is demonstrated by sins of the total current 1. 
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Usually sinS is known as the loss factor but when d is small, the sins= 8= tans. The 
two components a and s" of the complex dielectric constant will be frequency 
dependent, 
2'(.)=D0 cos(8/E0 ) 	 (2.9) 
e"(m)=D,,Sin(8/E0 ) 	 (2.10) 
As the displacement vector (Do) is a time varying field will not be in phase with E 
and hence, there will be a phase difference d between them. From equation (2.9) and 
(2.10), we have 
tans= 	) 	 (2.11) 
Substituting the value of e" (o) from (2.11) into (2.8), we have 
a„c =rae'(w)tanS 	 (2.12) 
where, w= 2af and 9= soe„ (Sr is the relative permittivity of the material and m the 
permittivity of free space). So 
a,k =2nf tan Seos, 	 (2.13) 
The equation (2.13) has been used to calculate the a.c. conductivity of the 
ferrite materials at a given frequency. The principle and the theory underlying the 
evaluation of crac from dielectric measurements are based on a treatment dealt by 
Goswamy [30]. 
2.3.7.4 Impedance Spectroscopy Analyses 
When an alternative electric field is applied to the ferrite material, the 
polarization of the material is connected to the dielectric constant or relative 
permittivity and the energy dissipated as the leakage, heat energy through friction and 
other ways was termed as the loss tangent of power dissipation. At diverse levels, the 
dielectric constant and loss tangent may have unusual uniqueness at diverse 
frequency, which could be characterized by the impedance spectroscopy, This is a 
classical process for studying the frequency response of dielectric materials. This 
method was put forward 60 years ago by K. S. Cole and R. H. Cole through the 
famous Cole-Cole diagram. A plethora of models explains the dielectric material and 
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was urbanized since then, such as the Debye relation model. The origin of the 
dielectric properties ranges from the atomic level to the macroscopic level, and it is 
difficult to construct a model to describe the dielectric properties at all levels. 
Impedance Spectroscopy (IS) is an ideal and powerful technique for 
investigating the electrical response of dielectric materials as a function of frequency. 
It may be used to learn the dynamics of bound or mobile charge in the bulk or 
interfacial regions of any kind of solid or liquid material: ionic, semiconducting, 
mixed electronic-ionic and even insulators (dielectrics). Impedance behaviour of a 
material can be analysed based on an idealized circuit model with discrete electrical 
components. 
The experimental data can be analysed in terms of any of the five possible 
complex formalisms, the permittivity (s•), the admittance (Y*), the electric modulus 
(M'), the impedance (Z`) and the loss tangent (tans). The interrelations between 
these are given by the formula: 
(2.14) c M Z Y 
Impedance is, by definition, a complex quantity that can be written as sum of the 
real (Z') and imaginary parts (Z"): 
Z(w) = Z'(w) + iZ"(m) 	 (2.15) 
where 2 and Z" of the impedance can be written as: 
Rp 	Rpb 
Z/ (1+wgC9R9)1 + (1+wgbC9bRgb)1 	
(2.16)  
Z" _ A'-gCg + —RgbwgbCRb 	 (2.17) 1+(RgwgCg)2 1+(Rgb-gbCgb)' 
where Rg and Cg denote the resistance and capacitance of the grain and Reb 
and Cgb stand for grain boundary, whereas we and md, denote the frequency at the 
peaks of the semicircles for grain and grain boundary likewise. The resistances are 
intended from the circular are intercepts on the Z' axis, even as the capacitances are 
derived from the maximum height of the circular arcs. The maximum height in each 
semicircle is Z' — -Z", thus by means of this situation and using relations (2.20) and 
(2.21), we can compute the capacitances for grain and grain boundary as: 
Cg = 
	
	 (2.18) 
1 
Rgwg  
cgb =— (2.19) Rpywe p 
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By using the above two relations the relaxation times for grain and grain 
boundary were calculated by relations (2.18) & (2.19): 
i g= ' 	 ( 2.20) 
8 
ipb — HBO = CgbR&p 	 (2.21) 
2.4 Magnetization 
The magnetization is an influential tool to learn the diverse parameters such as 
domain wall rotation, anisotropy, magnetic hardness or softness of material, magnetic 
ordering etc. ferrites show approximately all the properties parallel to that of 
ferromagnetic materials. When a magnetic field is applied to the ferromagnetic 
material, the magnetization possibly will vary from zero to saturation value. This 
behaviour was articulated by Weiss [31] by starting the existence of domains. 
According to Weiss, though each domain is spontaneously magnetized in the direction 
of field, magnetization may vary from one domain to another domain. In general, 
specimen contains many domains, in domain configuration i.e. a function of applied 
field. The magnetic moment of sample is a vector addition of magnetic moment of 
every domain. As a result, the magnetization or average magnetic moment per unit 
volume may have value between zeros to saturation. 
Studies on magnetic hysteresis of ferrite give practical intimation of the 
magnetic parameter such as saturation magnetization (Ms), coercive force (Hc) and 
remanence ratio (Mr/Ms). According to the values of these parameters, the ferrites can 
be divided as soft and hard femtes. The ferrites having low coercive force are called 
soft ferrites and ferrites with high He are called hard ferrites. Soft ferrites are those 
materials which do not keep hold of permanent magnetism, which offer easy magnetic 
path. Hard ferrites retain permanent magnetism and are difficult to magnetize and 
demagnetize. According to Neel [32] the coercive force (Hc) is linked with saturation 
magnetization, internal stress, porosity [33] and anisotropy [34]. The hysteresis 
properties are very responsive to crystal structure, heat treatment, chemical 
composition, porosity and grain size. A huge pact of information can be educated 
regarding the magnetic properties of a material by studying its hysteresis loop. A 
hysteresis loop gives the relationship between the induced magnetic flux density (B) 
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and the magnetizing force (H). It is often referred to as the B-H loop. An instance 
hysteresis loop is shown below (Fig. 2.12). 
The magnetization curve characterizes the variation in magnetization or 
magnetic flux of the material with the applied field. When a field is employed to a 
material with arbitrarily oriented magnetic moments, it will be gradually magnetized 
owing to the movement of domain boundaries. At first, when no field is applied, the 
magnetic dipoles are randomly oriented in domains; therefore, the net magnetization 
is zero. When a field is applied, the domains start to rotate, rising their size in the case 
of the domains with direction constructive with respect to the field, and decreasing for 
the domains with unfavorable direction. As the field increases, the domains carry on 
growing until the material becomes a single domain, which is oriented in the field 
direction. At this point, the material got saturation [35]. As the magnetic field is 
increased or decreased constantly, the magnetization of the material increases or 
decreases but in a discontinuous manner. This phenomenon is called the Barkhausen 
effect and is attributed to discontinuous domain boundary motion and the 
discontinuous rotation of the magnetization direction within a domain [36]. 
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Fig. 2.12: Schematic diagram of hysteresis loop. 
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2.4.1 Neel's Theory of Ferrimagnetism 
The magnetic properties of ferrites are attributed to the several models like 
Neel's model, Yafet Kittel Model, Random canting model, and localized canting 
model. The Neel theory of ferrimagnetism is based on magnetic ordering in systems 
which have nonequivalent substructures of magnetic ions. Such as in ferrites, the 
positive metal ions. which have the magnetic moment, are far away for a direct 
exchange interaction to be possible, because the level of overlapping of the wave 
functions decreases exponentially through distance. Therefore, in ferrites the 
exchange interaction between the metal ions takes place through the oxygen ions by 
means of an indirect exchange mechanism, known as super exchange. In addition, the 
exchange energy j between the spins of the adjacent metal ions is found to be 
negative, so that antiparallel alignment provides the lowest energy. 
A sites 	 B sites 
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Fig. 2.13: Exchange interactions between ions in an inverse cubic ferrite. 
The A and B sites are crystallographically dissimilar in ferrimagnetic 
materials, since an ion present on A site has a different number and arrangement of 
neighbours than the same ion on B site. Fig. (2.13) illustrates the exchange 
interactions that would have to be considered in a rigorous treatment of an inverse 
spinet ferrite MO.FetOj. These interactions are shown by arrows and there are 5 in 
all. To make simpler the problem, Neel [37] have changed the real ferromagnetic 
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material`tvith a model composed of identical magnetic ions divided unequally 
between A and B sub lattices. These are A-A, B-B and A-B interactions and the 
values of these negative interactions depend on the distances between the metal ions 
and the oxygen ion that links them and also on the angles between the three ions. The 
interaction is maximum for an angle of 180° and also where the inter-atomic distances 
are the shortest. In the A-A and B-B cases, the angles are too small or the distances 
between the metal ions and the oxygen ions are too long. The best combination of 
angles and distances are found in the A-B interaction and hence it is the strongest. As 
a result, the magnetic moments on A sites are held anti parallel to those on B sites. In 
ferrimagnetism the A and B sub lattice magnetizations are not equal and hence this 
results in a net spontaneous magnetization. 
In Neel's theory, when the A-B antiferromagnetic interaction dominates the 
A-A and B-B interactions, A and B sub lattice magnetizations will be aligned 
antiparallel, resulting in ferrimagnetism in ferrites. When A-A or B-B interaction is 
dominant, according to Neel, the substance remains paramagnetic down to the lowest 
temperature. But this conclusion was not correct, as in the presence of strong 
interactions some kind of ordering may occur at low temperature. Yaffet and Kittel 
resolved this discrepancy by introducing triangular spin configuration due to angle 
formation of spin moments in any one of the two sub lattices. 
2.4.2 Mossbauer Spectroscopy 
In 1957, a graduate student Rudolf Mossbauer has done the first experimental 
examination of the resonant absorption and recoil-free emission of nuclear y-rays in 
solids during his work at the Max Planck Institute for Medical Research in 
Heidelberg, Germany. For his research in resonant absorption of y-radiation and the 
discovery of recoil-free emission he got the 1961 Nobel Prize in Physics. The 
MSssbauer effect is the basis of MBssbauer spectroscopy. This is widely used in 
mineralogy to observe the valence state of iron, which is found in nature as Fe°  
(metal), Fee+, and Fe'-, as well as the type of coordination polyhedron occupied by 
iron atoms (trigonal, tetrahedral, octahedral, etc.). Sometimes, it is used to find out 
redox ratios in glasses and (less successfully) in rocks. Mossbauer spectroscopy is 
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also used to assist in the identification of Fe oxide phases on the basis of their 
magnetic properties. 
2.4.3 Instrumentation 
Mossbauer spectrometer contains the basic elements such as: a source, sample, 
detector, and a drive to move the source or absorber. Most usually, this is fulfilled by 
moving the source toward and away from the sample, while velocity linearly varying 
with time. For instance for 7`Fe, moving the source at a velocity of 1 mm/sec towards 
the sample increases the energy of the emitted photons by about ten natural line 
widths. The location of the detector relative to the source and the sample defines the 
geometry of the experiment (Fig.2.14); most commonly, either transmission or 
backscatter modes are used. It consists of y-ray source that oscillates toward and 
away from the sample by a "Mossbauer drive", a collimator to filter y-rays, the 
sample and a detector. 
~1Lissb purr 	
(oil, t)att}r 	 Detector 
DI iVC 1  
Co
_ 	 I 
___ 
I 
 Souarc.e 
Sample 
Collimator 	Sample 
F)rie 	 [•] 
_ 	 I _ 
f 
Co Source LI 
Fig. 2.14: Mossbauer geometry of the experimental set up. 
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The primary characteristics observed in MBssbauer spectra are isomer shift 
(IS), quadrupole splitting (QS) and magnetic splitting (MS or hyperfine splitting). 
When source and absorber atoms are in unlike local environments, their nuclear 
energy levels are different (Fig.2.15). At its simplest (blue), this shows in the 
transmission spectrum as a shift of the minimum away from zero velocity; this shift is 
generally called isomer shift (IS). The oxidation state of an absorber nucleus is one 
feature that can be obtained by the IS of a spectra. The 1/2 and 3/2 labels as shown in 
Fig. (2.15) represents the nuclear spin, or intrinsic angular moment, quantum 
numbers, I. Interaction of the nuclear quadrupole moment with the electric field 
gradient leads to splitting of the nuclear energy levels (red). When a magnetic field is 
in attendance at the nucleus, Zeeman splitting takes place, yielding a sextet pattern 
(green). So Mossbauer spectra are described using three parameters; isomer shift (S), 
which is due the difference ins electron density between the source and the absorber, 
quadrupole splitting (A which is a shift in nuclear energy levels that is induced by an 
electric field gradient caused by nearby electrons, and hyperfine splitting (for 
magnetic materials only). Graphically, quadrupole splitting is the separation between 
the two component peaks of a doublet, and isomer shift is the difference between the 
midpoint of the doublet and zero on the velocity scale (Fig.2.15). Mdssbauer 
parameters are temperature-sensitive, and this quality is often exploited by using 
lower temperatures to improve peak resolution and induce interesting magnetic 
phenomena, 
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Chapter -3 
Synthesis and Characterization of WF 4  Substituted( 
Cobalt (Ferrite Nanoparticles 
This chapter presents detailed study of structural, ekct»cal and 
magnetic properties of a series of polycrystalline Coa5Fe2-xNlO.5+r.ox04 (0.0 
< x < 
 
0. 4) ferrite nanoparticCes, prepared through sot-gel auto combustion 
process. The effect of N substitution in Co0.s`c'ea-zN1os+r.ox04  has been 
studied by using x ray diffraction (XRsD, scanning electron microscopy 
(ScE211 energy dispersive X-ray spectroscopy ((D) vibrating sample 
magnetometer (VS%`Fourier transform infrared spectroscopy (F'77 
frequency dependent dielectric and impedance spectroscopy and 
Mossbauerspectroscopy techniques. 
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3.1 	Introduction 
The design, characterization, synthesis and application of materials, devices 
and systems with control and having a fundamental organization in nano metric 
dimensions is ever expected challenges for researchers. In this range, some of the 
properties of materials such as optical, magnetic and electrical alter in surprising 
ways. This results in exciting different characteristics that can produce a vast array of 
novel products. Nanocrystalline materials show properties vastly superior to those 
exhibited by single crystalline, conventional polycrystalline and amorphous materials. 
The study of ferrites on nanomeler scale have generated more interest as well as 
curiosity in the scientific community to understand the basic physics of the ferrites, 
involving drastic changes in electrical and magnetic properties due to the change in 
size and their potential applications in modem technology. Ferrite nanoparticles are 
gaining attraction due to many important applications such as: tone generating 
circuitry of push button telephones, load coils in transmission lines to reduce signal 
loss over long distances, ferrofluids, magnetic drug delivery, hyperthermia for cancer 
treatment, high density information storage system, magneto caloric refrigeration, 
medical diagnostics, magnetic resonance imaging enhancement and gas sensors [1,2]. 
The properties of ferrite nanoparticles are strongly influenced by the composition and 
microstructure, which are sensitive to the preparation methodology used in their 
synthesis [3,4]. Spinet ferrites are one of the best semiconductors which have great 
importance in telecommunication, microwave and electronic engineering. The 
synthesis of spinel ferrite nanoparticles has been intensively studied in the recent 
years and the principal role of the preparation conditions on the morphological and 
structural features of the ferrites is discussed. Many reports proved that the property 
of spinet ferrites can be improved by doping metal elements in MFe204 There are 
several different synthesis methods used to generate ferrites as reported in the 
literature including sol-gel [5], co-precipitation [6], hydrothermal [7], mechano-
chemical [8], refluxing [9], precursor [10] and auto-combustion [I1], citrate gel auto 
combustion [12] methods. The role of substituent in modifying the properties of basic 
ferrites has been widely studied. Development of high quality, low cost and low loss 
at high frequency ferrite material for power applications is an ever challenging aspect 
for researchers. 
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The cobalt ferrite (CoFe2O4) material is considered to be mostly an inverse 
spinet structure represented as (Co,Fet.,)[Co _,Fet.1]04,where x depends on 
thermal treatment and preparation conditions [131. Nickel ferrite (NiFe204) is an 
important member of the spinel family and it is found to be the most versatile 
technological materials suited for high-frequency applications due to its high 
resistivity. In the bulk state, this material possesses an inverse spinel structure, in 
which tetrahedral (A) sites are occupied by Fe3  ions and octahedral [B] sites by Fe" 
and Ni" ions. It exhibits ferrimagnetism that originates from the antiparallel 
orientation of spins on (A) and [B] sites [14, 15]. Recently, the preparation methods 
and applications of one-dimensional (ID) Ni-Co alloy materials have been paid to 
more attention due to their unique properties of low dimensionality [16-17]. As 
important magnetic materials, Ni-Co alloys have potential application in ferrofluids 
technology, microwave absorber and electromagnetic shielding material. In the 
present work we have substituted Ni ions for Fe ions; this could affect the structural, 
electrical and magnetic properties of Co-ferrite. Ni" ions will control the magnetic 
properties with its lower magnetic moment and may alter the saturation magnetization 
and remanent ratio. At the same time Ni'* ions will modify the resistivity and 
dielectric properties of the compound. These modifications in the properties of Co-Ni 
ferrite could be important from the point of view for their above mentioned 
applications. This work is to demonstrate a general, efficient and environmental 
friendly synthetic strategy for obtaining CoosFe2.=Nio.5+t.o O4 (0.0 < x < 0.4) 
microspheres via a simple sol-gel auto combustion method. The structural. electrical 
and magnetic studies of the spinel Co-Ni ferrite microspheres were investigated. The 
inspiration behind this research in pure and Ni" doped cobalt ferrite nanoparticles 
was: (i) to proliferate the nanoparticles of the ferrite materials, as it is well recognized 
from the literature that the size discomfiture introduce the phenomenal changes in the 
physical and transport properties of materials. (ii) it is well known that doping of 
various elements in ferrite enhances their structural, electrical and magnetic 
properties. Among the various spine) ferrites, we have chosen cobalt ferrite matrix 
because cobalt ferrite has large magnetocrystalline anisotropy and high coercivity, 
which has applications in high density recording media, high performance 
electromagnetic and spintronic devices. Such properties of cobalt ferrite suggest that 
this material is a good aspirant for the various technological applications. Therefore, 
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by keeping this view, we have proposed this material and the detailed investigations 
are presented in this chapter. 
3.2 	Results and Discussion 
3.2.1 Structural Properties 
3.2.1.1 X-ray Diffraction 
The structure and phase purity of as prepared products were confirmed by 
analyzing the observed powder X-ray diffraction (XRD) patterns. Fig. 3.1 depicts the 
observed powder XRD patterns of the Coo<Fe2.sNias+i r„O4 (0.0 5 x 5 0.4) 
compositions. All the observed reflections of the Ni substituted cobalt ferrite samples 
could be assigned to cubic spine] lattice indicating their single phase nature. The 
planes (220), (3 II), (222), (400), (422). (5 1 1) and (4 4 0) in the diffraction 
patterns confirm the formation of pure cubic spine] ferrite structure. The broadened 
diffraction peaks can be attributed to the nanocrystallite size of as prepared product. 
Unit cell parameters i.e. lattice constant (a) were determined by indexing the observed 
reflections of the XRD patterns. The variation of lattice constant `a' with the Nit` 
doping is determined from the XRD data and is shown in Fig. 3.1. It is observed that 
the unit cell parameter of the Ni substituted Co ferrite phase gradually increases with 
increasing Ni content in the composition, obeying Vegard's law. The slow linear 
increasing trend in the unit cell parameter is attributed to the replacement of Fe3*(0.67 
A) ion by Ni". a slightly larger ion (0.69 A). The average crystallite size of the nano 
phase particles was determined by using the Debye-Scherrer formula [18]; 
0.984 	 (3-1) 
pcos8 
where 0.98 is the Scherrer's constant, i, is the wavelength of the CuKa 
radiation (. =1.5406 A) and /3 is the full width at half maximum (PWHM) in radians 
calculated using Gaussian fitting and B denotes the Bragg angle. The average 
crystallite size as shown in pig. 3.2 decreases from 43 to 22 run with increase in Ni *  
substitution. This effect is due to the precipitation of Ni" ions on the grain boundary 
during sintering leading to the reduction of grain size which favoured the formation of 
new nuclei preventing further growth of particles. Hence, preparation condition plays 
an euettive role to control the particle size. The variation of lattice parameter will 
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lead to the lattice strains which produce internal stress [191. Such stress binder the 
growth of grains, and the grains size of the samples doped with Ni' become smaller 
than that of Co-Ni (x = 0.0) ferrite. 
20 	30 	40 	50 	60 	70 
26 
Fig.3.1; Powder XRD patterns of as-synthesized CoasFez Nio.s-L.o,O4. 
The X-ray density or theoretical density was estimated by using the relation: 
&=y At, 	 (3-2) 
where A is sum of the atomic weights of all the atoms in the unit cell, V is 
volume of the unit cell and Nis the Avogadro's number. Since each primitive unit cell 
of the spinet structure contains eight molecules, the theoretical density, dx was 
determined according to the following relation: 
dX _ aM 	 (3-3)  
Na 
where M is molecular weight of the sample, N the Avogadro's number, a 
lattice parameter, 8 represents the number of molecules per unit cell and a' is the 
volume of the cubic unit cell. 
It is observed from Table 3.1 that the X-ray density decreases with Ni substitution, 
which may he due to the fact that the atomic weight of Ni` is 58.71, which is lesser 
than that of Fe ion (58.93). The apparent density (experimental) is found by 
assuming the circular shape of the pellets by using the following relation: 
V nr 2 h 
	 (3-4) 
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where in, V, r and h represent the mass, volume, radius and thickness of the samples, 
respectively. From Table 3.1 it can be seen that the apparent densities of the samples 
decrease with increase in Nil substitution. This may be related to decrease in particle 
size with Ni" substitution. Further, the higher value of X-ray density than that of the 
apparent density is due to the existence of pores that depend on the sintering condition 
[20], 
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Fig.3.2: Variation ofetystailite size and lattice constant with Ni concentration 
Table 3.1: Lattice volume (V), X-ray density (d,), Apparent density (d), 
Specific surface area (5), Porosity (P) of Coo.sFe2.xNio.5.ta.04 ferrite nanoparticles. 
Parameters 	x =0.0 	x=0.l 	x =0.2 	x=0.3 	x-0.4 
V(A3) 	605 	606 	607 	608 	609 
d,(glcm3) 	5.14 	5.14 	5.13 	5.12 	5.11 
d(g/cm2) 	4.20 	4.13 	4.08 	3.96 	3.86 
P(%) 	 18.21 	19.57 	20,59 	22.50 	24.57 
S(mtg') 	 33 	 39 	 44 	50 	77 
It is also evident from the Table 3.1 that the unit cell volume increases with 
the substitution of Nit' ions, this may be due to the formation of Feet (0.83A) ions to 
maintain the charge neutrality in the system. The percentage porosity was calculated 
using the relation: 
P=1- d 	 (3-5) 
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It is evident from Table 3.1 that porosity increases with Ni'- substitution. This 
behavior of porosity is understandable since the density and particle size decreases 
with increase in Nit substitution. Specific surface area (5) was calculated from the 
diameter of the particle in rim and the measured density in g/em3 by using the 
following relation: 
S _ 6000 (3-6) 
where t is the diameter of the crystallites in nm and d is the apparent density. 
The variation of specific area is given in Table 3.1.The increase in S is due to 
decrease in particle size with increase in substitution of Ni'- ions. 
3.2.1.2 Field Emission Scanning Electron Microscopy (FE-SEM) 
Scanning electron microscopy has a large depth of field, which allows a huge 
amount of the sample to be in focus at one time and produces an image that is a good 
representation of the three-dimensional sample. The mixture of higher magnification, 
larger depth of field, greater resolution, compositional and crystallographic 
information makes this one of the most heavily used instruments in research areas and 
industry. Field emission scanning electron microscopy (FE-SEM) images were 
obtained using a 1ESCAN, MIRA 11 LMH microscope. The morphology and shape of 
our ferrite powder was observed by using this technique of as obtained nanoparticles, 
and is presented in Fig. 3.3. The composition was determined by using energy 
dispersive X-ray spectroscopy (EDAX. Inca Oxford, attached to the FF-SEM). For 
the FE-SEM and EDAX measurements. the nanoparticles of Coo 5FersNio.sa.oxO4 (0.0 
< x < 0.4) ferrite were dispersed homogeneously in ethanol using ultrasonic treatment. 
A minute drop of nanoparticles solution was cast on to a glass slide followed by 
subsequently drying in air before transfer it into the microscope. The FE-SEM 
micrographs were taken at different magnifications at different parts of the samples. 
The uniform nature of the ferrite particle is showing fine grain growth in the samples 
along with some agglomeration. It is clear from the FE-SEM micrographs that the 
microstructure changes with Ni" substitution. By having a closer look at these 
microstructures, it is found that structure gets improved and grains in all samples are 
spherical in shape. Also, it is observed that Ni substitution increases the porosity and 
C:1 
jp8 
the individual grains are parted from each other and the effective area of grain contact 
decreases. 
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Fig. 3J: FE-SEM micrographs of Coo. SFe2_iNios i o-rO4 ferrite nunoparticies. 
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3.2.1.3 Energy Dispersive X-ray Analysis (EDAX) 
The composition of the nanocrystalline metal oxides has been determined using the 
energy dispersive analysis of X-ray (EDAX). The X-ray spectrum for x = 0.0, 0.1, 0.2 
and 0.3, compositions are highlights in Fig. 3.4. The quantitative analysis of EDAX 
spectrum revealed the relative atomic ratio of Co: Ni: Fe are close to the expected 
values for Coo sFe2-:Nio 5+i o~O4. 
Enn`/- MV 	 Energy. keV 
Fig, 3.4: The typical EDAX spectra of the composition Coo sFe2-dNio s+r.rm04 
Jor x = 0.0, 0.1. 0.2 and 0.3 specimens. 
3.2.1.4 Fourier Transform Infrared Spectroscopy (FT-IR) 
FTIR spectroscopy is a powerful method for identifying unknown materials, 
the quality or consistency of a sample and the amount of components in a mixture. 
Different types of chemical bonds in a molecule are determined by producing an 
infrared absorption spectrum that is like a molecular fingerprints by which we find out 
the position of ions in the crystal through the crystal's vibrational modes due to the 
changes in the Fe3+-OZ' bond during heat treatment or when some foreign atom is 
introduced in the parent compound. The absorption hands in spinel ferrites mostly 
occur as of lattice vibrations of oxygen ions with cations. The frequencies of the 
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vibrations depend on cation-oxygen bonding lattice parameters and cation mass. The 
two most prominent absorption bands at v1 and V2, found in almost all spine) ferrites, 
are approximately around at 600 and 400 cm"', respectively, such that their existence 
reveals the creation of spinet ferrite phase. Absorption at v j is caused by stretching 
vibrations of tetrahedral metal ion and oxygen bonding, while vi can be assigned to 
the divalent metal ion-oxygen complexes in the octahedral sites. The FT-IR spectra as 
shown in Fig. 3.S were recorded at room temperature in the frequency range 400-4400 
cm' for all samples. Present study for our samples of infrared absorption spectrum 
focuses to get information about the positions of the ions in the crystal through the 
crystal's vibrational modes. Inset of Fig. 3.5 shows the expanded view of the lower 
region of wave number to give the clear idea of low frequency bands (vi and v2). It is 
observed that, there are two main frequency bands, namely, high frequency band (vi) 
is observed at 584-610 cm' whereas the lower frequency band (vz) is observed at 412-
418 cm''. These two observed bands vi and V2 correspond to the intrinsic vibrations of 
tetrahedral and octahedral Fe3+-Ot" complexes, respectively, and are the 
characteristics of all the ferrite material [21]. It explains that the normal mode of 
vibration of tetrahedral cluster is higher than that of octahedral cluster. It should be 
attributed to the shorter bond length of tetrahedral cluster and longer bond length of 
octahedral cluster [22]. The FTIR spectrum shows absorption bands in the region 
1100 to 1300 cm"' corresponding to NOS ions, absorption bands corresponding to 
carboxyl group (COO-) is observed at 1400-1700 cm'' and one more at 3400 cm' 
corresponding to hydrogen bonded 0-H groups. Owing to the high temperature 
generated during combustion process all the carboxyl, hydroxyl and nitrate groups 
appear with less intensity. 
A comparison of the observed vibrational frequencies of all the studied 
compositions indicates that the vi remains almost unmodified with increasing Nit' 
content. However, v; is seen to decrease smoothly with increase in Ni" substitution. 
The difference in frequencies between vi and vz may be attributed to the changes in 
bond lengths Fe3+-O2  within octahedral and tetrahedral sites. 
The Nit*  preferably enters the octahedral site affecting the force constant and 
bond lengths, without any change in tetrahedral site. It is also observed from Fig. 3.5 
that the intensity of the bands decreases while broadening increases on increasing 
doping ion concentration. Such broadening can he attributed to the statistical 
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distribution of Fe at A (tetrahedral) and B (octahedral) sites. Reports are there that the 
system in more disorder state gives broader and less intense band in IR spectra [23]. 
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Fig. 3.5: FT-IR spectra Of COO.sFe2-xNin s-i.nx04 ferrite nanoparticles. Inset of Fig. 
shows the expanded view or the lower region of wave number. 
3.2.1.5 Resistivity 
The variations in log p with 1000IT for all the compositions of the ferrite 
system Coo5Fe2-XNio.5,i.oXO4 are presented in Fig. 3.6. Resistivity decreases 
continuously with increasing temperature, revealing the semiconducting nature of the 
prepared samples. In the present series all the samples are in good agreement with 
Arrhenius relation [24]. According to this relation resistivity and temperature may be 
expressed as, 
C~E) 
P = Po eXP kT 
(3-7) 
where, p is the d.c. electrical resistivity at temperature T. po is the pre-exponential 
factor with the dimensions of fl-cm, k is the Boltzmann constant (8.6173439 x10 
5eV/K). AE is the activation energy, and T is the absolute temperature. The resistivity 
of the sample was calculated using the relation, 
20 
10 
-10 
+d,ruad 	...............9igas,.3 
pdc = Rn r~l t 
 
(3-8) 
where, 
R = ohmic resistance of the pellet 
r = radius of the pellet 
t = thickness of the pellet 
The conduction mechanism of ferrites can be explained on the basis of the 
Verwey de Boer [25] mechanism that involves exchange of electrons between the ions 
of the same elements present in more than one valence state and distributed randomly 
over crystallographic lattice sites. A very small amount of Fe" and Ni3' ions are 
formed during the sintering process, and electron exchange is believed to be between 
the iron ions and nickel ions [26] which can be written as; 
Ni" + Fe" " Ni3' + Fee, 	 (3-9) 
The decrease in resistivity with increase in temperature is due to the increase in drift 
mobility of the charge carriers. Also conduction in ferrites is attributed to hopping of 
electrons from Fe3 t Fee+ at elevated temperatures [27]. 
toWff (ICI) 
Fig. 3.6: Variation of resistivity with temperature ofCoasFijVks_IoxO4 (far x = 0.0, 
0.1, 0.3, 0.Q) ferrite nanopartieles. 
It is observed from Fig.. 3.6 that, resistivity initially increases for x = 0.1 and 
then it shows decreasing trend with increase in Ni" substitution. It is evident from the 
compositions of all the samples in the system contain a fixed quantity of Co'. The 
electron exchange between Co°'` and Fey' can be illustrated as follows; 
Coe' + Fe" — Co" + Fe2 	 (3-10) 
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It is known that Co" ions invariably reside on octahedral sites [28], they are expected 
to lock up with the Fe' ions that developed in the course of preparation, which is 
inevitable to maintain the charge balance. This locking process reduces hopping 
between iron ions such as FeZ+t-"Fer in octahedral sites and contributes to increase 
the resistivity initially for x = 0.1. Since Ni" ions are known to have preference for B- 
sites [29]. the substitution of Nit replaces F& ions at octahedral site and this 
replacement of Fe t+ ions (0,67A) by Nil ions (0.69 A) obviously pushes the oxygen 
ions around it, thus, reducing the distance between two metal ions in B-sub lattice, 
which increases the hopping probability. This process contributes to decrease in 
resistivity for higher Ni' substitution. 
The breaks in resistivity plots denote two regions of resistivity and the 
temperature corresponding to the break was found to be at Curie temperature (T,) of 
the sample. The activation energies are calculated from the slopes of resistivity- plots. 
The lower temperature region below Tc corresponds to the ordered ferrimagnetic 
region (Er) with low activation energy while the higher temperature region above To 
corresponds to a paramagnetic disordered region (Ep) with comparatively high 
activation energy. The resultant activation (AE) is the difference between the 
activation energy of para and ferrimagnetic region. The activation energies thus 
calculated are listed in Table 3.2. In the Table Er is the activation energy 
corresponding to ferrimagnetic region and Ep that corresponding to paramagnetic 
region. It is noted from the Table that the activation energies in paramagnetic region 
is higher than those in ferrimagnetic region. 
Table 3.2: Curie temperature (Te) and activation energy (SE) from DC resistivity 
plots of Coo cFc2-rNins+i 
Comp. 
Te (K) Ep (eV) Er (eV) AE (ev) 
(x) 
0.0 355 0.34 0.24 0.1 
0.1 351 0.32 0.21 0.11 
0.3 345 0.31 0.18 0.13 
0.4 342 0.28 0.14 0.14 
This could be attributed to the disordered states of the paramagnetic region 
and the ordered states of the ferrimagnetic region. It is seen from Table 3.2 that values 
of activation energy (AF) increase with Nil' substitution. This increase in activation 
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energy can be related with the increase in lattice constant `a' with Ni" substitution. 
The increase in the value of `a' manifests itself as increase in inter-ionic distances in 
the ferrite and consequently, in an increase in the barrier height encountered by the 
hopping electrons 1301. 
Curie temperature (Tc) obtained using the resistivity plots are given in Table 
3.2. It can be seen from Table 3.2 that the Curie temperature decreases with the 
increase in Nit substitution. Since the Curie temperature is determined by an overall 
strength of the AB exchange interaction, the weakening of the Fe3+(A)-O2 - Fes (B) 
interaction results in a decrease of the Curie temperature, when the concentration of 
the Ni' ions increases successively in the samples. de conductivity was also 
calculated using the resistivity plots and its variation is shown in Fig. 33. 
Fig. 3.7: Variation ofdc conductivity with temperature of Coospe2. Nias+cDxOa (for x 
= 0.0, 0.1, 0.3, 0.4) ferrite nanoparticles. 
3.2.1.6 Impedance Spectroscopy 
The charge transport behaviour of the territes and its relation to the 
microstructure has been studied by impedance spectra. The impedance spectra can be 
obtained by using the equivalent circuit consisting of series connecting parallel 
resistance (R) and capacitance (C) [31, 32]. The impedance spectrum is usually 
represented as imaginary component of impedance (Z") against real component of 
impedance (Z'). It is referred to as Nyquist plot or Cole-Cole plot. The Cole-Cole plot 
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is particularly useful for materials, which possess one or better separated relaxation 
processes with comparable magnitudes and obeying the Cole-Cole functional forms. 
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Fig. 3.8: Nyquisl plots for all samples of Coo cFez-uMo,s+r.aA4 ferrite nanoparticles. 
These measurements give us information about the resistive (real part) and 
reactive (imaginary part) components in a material. The Cole-Cole plot can give two 
semicircles. the first semicircle at low frequency represents the resistance of grain 
boundary. The second one obtained for high frequency domain corresponds to the 
resistance of grain or bulk properties. 
Table 33: Impedance parameters of as obtained by using Cole-Cole plot for CoosFe2-
.,Nio.5+i.¢r04 ferrite nanoparticles at room temperature for grain boundary. 
COMP. (X9 	R&b 	 Cgb 	 tgb 
0.0 	 4239 	 1.83E-7 	 7.43 E-3 
0.1 	 3781 	 3.21E-7 	 2.42 E-3 
0.2 	 6247 	 3,14E-7 	 2.12E-4 
0.3 	 10322 	 1.79E-8 	 3.42E-2 
0.4 	 11053 	 1.3E-9 	 2.13E-4 
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The complex impedance of a system al an applied frequency can be written as sum of 
the real and imaginary parts: 
= Z'(@) + iZ'(cu) 	 (3-11) 
where Z and Z" of the impedance can be written as: 
(I+mgCBRg )2 (1 +mgeCgbRga) 
2„_ 	Rea 	+ 	R2s 	 (3-13) 
1 +(m8CgRg )z 1+(mgbCgbR86 ) 
where Rs and Cg stand for the resistance and capacitance of the grain and Ren 
and Cgn symbolize the corresponding terms for grain boundary, as Cog and rogb are the 
frequencies at the peaks of the semicircles for grain and grain boundary 
correspondingly. The resistances are intended from the circular are intercepts on the 
Z' axis, whereas the capacitances are derived from the maximum height of the circular 
arcs. The maximum height in each semicircle is Z' _ —Z", therefore, by using this 
condition and using (3-12) and (3-13) relations, the relaxation times for grain and 
grain boundary are given as: 
r8 = =CgR9 	 (3-14) 
fog 
I 
r86 = ORb CgbRgh 	 (3 15) 
Typical impedance spectra for the present samples are shown in Fig. 3.8. A 
well-resolved semicircle is observed for each sample between the frequency range 42 
Hz to 5 MHz. It is also observed from Fig. 3.8 that only single semicircle was 
obtained for all the samples under investigation, which suggests a predominance of 
the contribution from the grain boundary and that contribution from the grain is not 
resolved for these samples. By other means, the grain boundary contribution cannot 
be separated from the grain or bulk contribution by the impedance spectroscopy 
measurements. Also, it could be due to the presence of some additional time 
constants, which appeared outside the measured frequency range [34). The various 
electrical parameters calculated using the relations discussed elsewhere [31-33], are 
shown in Table 3.3. 
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3.2.1.7 Dielectric Measurements 
The value of real dielectric constant (E') has been calculated by using the 
following relation: _ 
e0A 
	 (3-16) 
where co = 8.85x 10 -14 F/cm, known as permittivity of the free space, t is the 
thickness of pellet, A is the cross sectional area of the flat surface of the pellet and Cp 
is the capacitance of the pellet in (F). The frequency dependence of dielectric constant 
(s') at room temperature in the frequency range 42Hz-5MHz is shown in Fig. 3.9. 
Plots of the dielectric constant (e') show a continuous decrease with increase in 
frequency with pronounced dispersion at lower frequency and almost remains 
independent of applied external field at high-frequency division. 
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Fig. 3.9: Variation of dielectric constant (e') with log (f} of( 'oo 5Fe2-Nio5 i 0YOa 
ferrite nanoparticles at room temperature. 
It is well known that the variation of dielectric constant with frequency in 
ferrites is mainly due to the variation of Fe'-+ and Fe3- ion concentration. In the low 
frequency region, the polarization is predominately due to the electronic exchange 
between Fee #-► Fe3- ions present on the octahedral site in the ferrite lattice. Beyond a 
certain frequency of the externally applied electric field, the electronic exchange 
n 
	 between ferrous and ferric ions, i.e., Fee  : Fe3, cannot follow the alternating field. 
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According to MaxwelF-and Wagner two-layer model [35-37], the dielectric material is 
assumed to have well conducting grains, which are separated by highly resistive grain 
boundaries, where the applied voltage drop leads to the building up of space charge 
polarization. The first layer which is a conducting layer having of large ferrite grains 
and second one being the grain boundaries that are poor conductors, The electrical 
conduction in ferrite is explained by the Verwey mechanism of electron hopping [25, 
38], where conduction takes place by hopping of electrons between ions of the same 
element present in more than one valence state distributed randomly over 
crystallographically equivalent lattice sites. 
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Fig. 3.10: Plot of dielectric loss tangent (lanb) versus tnfofCoo.sFe2 'ias+;.0104 
ferrite nanoparticle.s. 
In the present study, the substitution with Nit ions produces a change in the 
polarization so developed, as can be understood by considering the cationic formula; 
(Fe)"[Coo.sFe2-:Nio s+1 o:]u. 
As Nit content is increased there is a decrease in Fey ions and increase in 
Ni" ions at the B site. However, the exchange process of Ni*Z e- Ni3+ is weak 
compared to Fee - Fe3' hence Fer+ t+ Fe3+ is assumed to be the dominant 
mechanism. 
The decrease in Fe" ions at the B site, therefore, decreases the hopping motion 
of electrons. This in turn decreases the piling up of electrons at the grain boundary, 
hence impeding the buildup of space charge polarization. Therefore, the value of 
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dielectric constant decreases with increase in Nit+ substitution. The loss tangent has 
been calculated from the following relation: 
tans= 	1  
f 	
(3-17) 
2ne0c  
4.0ii 
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Fig. 3.11.Variationofdielectric loss (e")with log (QofCoo5Fez 105*10104 
ferrite nanopartieles. 
Dielectric loss is an important part of the total core loss in ferrites [39]. The 
complex dielectric constant has been calculated by the following relation: 
e" = e'tan6 	 (3-18) 
where tan S is the dielectric loss tangent which is proportional to the `loss' of 
energy from the applied field into the sample (in fact this energy is dissipated into 
heat) and.therefore, denoted as dielectric loss. Fig. 3.10 and 3.11 shows the variation 
of dielectric loss tangent factor (tans) and dielectric loss (c"), respectively, with log 
frequency at room temperature. The loss tangent exhibits the normal behaviour with 
frequency and decreases as the frequency of applied field increases. 
3.2.1.8 Magnetic Properties 
To determine the magnetic properties of the samples the M-H loops of as 
synthesized samples were performed to obtain the saturation magnetization (Ms), 
remenant magnetization (Mr) and coercivity (He). It is observed from Fig. 3.12 and 
Fig. 3.13 that the saturation magnetization (Ms) decreases with increase in Nit+ 
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substitution. It is known that in ferrites, the magnetic moment comes mainly from the 
parallel uncompensated electron spin of individual ion. The intensity of magnetization 
is, therefore, explained by considering the metal ion distribution and anti-parallel spin 
alignment of the two sub-lattice sites as given by Neel's Model [41]. According to 
Neel's model, of the three types of interactions A-A, A-B and B-B. The inter sub-
lattice A-B super-exchange interaction is the strongest. The net magnetization is, thus, 
given by Ms — Mn - MA where MA and MB are the magnetization of the sub-lattices A 
and B, respectively. In the present system, magnetic Fex  ions of 5µ8 are replaced by 
less magnetic Ni"' ions of 2µB magnetic moment. The observed decrease in 
magnetization is attributed to decrease in A-B interaction. On the other hand, the 
magnetic properties may also be affected by the grain size and bulk density, and 
enhanced by the increase of particle size [3]. The particle size is obviously found to 
decrease by Ni" substitution as evidenced from Fig. 4. This may also be the reason 
for the drop of saturation magnetization (Ms) of the ferrites. Pores act as pinning 
centers for the electron spins, thereby lowering the saturation magnetization. These 
results indicate that an optimum microstructure must be taken into account to obtain 
ferrites with high performance. Remanence is a structure-sensitive parameter. 
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Fig. 3.12: Magnetic hysteresis loops for CoosFc2.. Nias+r.arO4 system. 
For the present system, we got experimentally that the values of remanent 
magnetization (Mr) decreases from 17 to 10 emu/g with increase in Nit substitution 
(Fig. 3.13). The remanent ratio (R) = Mr/Ms is a characteristic parameter of a 
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material. Higher and lower remanent ratios denote different material responses and, 
accordingly, determine where the material will be applied. It is desirable to have 
higher remanent ratios for magnetic recording and memory devices. It was observed 
that the values of R increase from 0.26 to 0.56 with increasing NiZ' substitution (Fig. 
3.13). 
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Fig. 3.13; Variation of magnetization (Ms), remanence magneliaation (Mr) and 
remanent ratio (R) with Ni content x, 
3,2.1.9 Milssbauer Spectroscopy 
The Mossbauer spectra of the series Coo 5Fea :1Nio s+t a O4, for the values of x = 
0.0 and 0.3 were taken at 300 K. The Mossbauer spectrum could be interpreted as the 
superposition of two sextets, one from the tetrahedral sites and the other from the 
octahedral sites. The spectra of the typical samples are shown in Fig. 3.14, exhibit 
well-resolved six finger patterns, The + bullets represent the experimental points and 
the full curve is the least squares fit of the experimental spectrum. The lines inside 
each spectrum indicate the position of the A-site and B-site resonance lines. As 
indicated from the Fig. 3.14, the width of the splitting changes with Ni" substitution, 
which evidences a change in the magnetic hyperfine field. The line width of the 
tetrahedral sites becomes broader than that of the octahedral site with the increase of 
the Ni +` contents at the octahedral site. Such broadening is, in fact, expected due to a 
distribution of the hyperfine fields at the A-site caused principally by a random 
g0 
distribution of Nit+, Fe3* and Coe* ions at the B-site, since the Fe3* A-sites would feel 
different configurations of Niz*, Fes  and Co'*  ions occupying the 12 nearest 
neighbours B-sites. The results of data fitting are represented in Table 4. The 
hyperfine field (BHF) was 54.22 and 55.34 Tesla for A- and B-sites, respectively. 
When Nit is added to the system, the BHF decreases to 52.44 Tesla for A-site and 
53.03 Tesla for B-site. Further, it is also observed from Table 4 that the BHF for B-
site is larger to that of A-site. In most of the ferrites, B site hyperfine magnetic field is 
generally larger than that of A site, which is attributed to the dipolar field resulting 
due to deviation from cubic symmetry and covalent nature of tetrahedral bond. The 
decrease in the BHF when magnetic Fe3* ion is replaced by Ni" ion, which is less 
magnetic. Therefore, the substitution of Nit' ion for Fe3+ ion will produce a decrease 
in the super transferred hyperfine interactions contribution at both sites. 
Magnetization measurements for these samples (Figs. 3.12 and 3.13) show that the 
magnetization of the sample decreases with increasing Ni'- substitution. The isomer 
shift (IS) results from the electrostatic interaction between the charge distribution of 
the nucleus and those electrons that have a finite probability of being found in the 
region of the nucleus. Only s-electron wave functions have a finite value inside the 
nucleus and these electrons are, therefore, responsible for this interaction. It can be 
clearly seen from Table 4 that IS(A) c  IS(B). It is known that IS for octahedral site is 
more than that of the tetrahedral sites since in cubic spine] ferrites the bond separation 
Fe3±-O is larger for octahedral sites as compared to that for tetrahedral sites, due to 
which the overlapping of orbitals of Fe3+ ions is smaller at B sites and thus a larger IS 
and hence more s-electron density at B site emerges [42-44]. The IS is a physical 
parameter for probing the valency state of the Mdssbauer atom. For example, Fe'-` and 
Fe3+ have electron configurations of (3d)6 and (3d)5, respectively. The ferrous ions 
have lesser s-electron density at the nucleus due to the greater screening of the d-
electron. This produces a positive IS that is greater in ferrous ions than in ferric [45]. 
Any asymmetry at the A- and/or B-site environment of Fe3* ions gives rise to nonzero 
quadrupole splits (QS). QS in compounds containing Fe'*  at A site is attributed to the 
asymmetric charge distribution associated with the random distribution of divalent 
and trivalent ions on the neighboring 12 B sites which surround the A site. In the 
present case, the distribution of Nit' and Fe3* ions on the B sites creates an 
asymmetry at the A site and gives rise to a QS. 
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Fig. 3.14: MOssbauer spectra of the typical samples (x = 0.0 and 0.3) 
of ('ot) 5Fe:-Y.ti'io s • 1.uiU.. 
The observed QS at the B site is attributed to the trigonal field created by the 
distortion due to the oxygen parameter (u) present in such compounds [46]. The 
quadrupole splitting (QS) for both sites increase linearly with the substitution of Fe3+  
by Ni`'+ in the spinel structures because of increased distortion in the symmetry of the 
electric field gradient. 
Table 4: Line width (F), isomer shift (IS). quadruple splitting (QS), hyperfine field 
(BHF) and % area (Irei) 
Sample Site 	F mm/s 	IS mmIs 	
BHF 	Irei(%) 
p 	 ( 	) ( 	) QS (mm/s) 
(Tesla) 
A 	0.470±0.017 0.193±0.007 -0.06 ±0.01 54.22±0.04 	75.0 
0.0 
	
B 0.373±0.034 0.543±0.014 0.135±0.021 55.34±0.09 	25 
A 0.533±0.051 0.168±0.021 0.111±0.035 52.44±0.09 61.7 
0.3 
B 0.663±0.106 0.535±0.052 0.243±0.077 53.03±0.19 38.3 
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3.3 Conclusion 
To summarize, the effect of Ni" in cobalt ferrite nanoparticles has been 
investigated on a series of Coa,5Fez..<Nig.s1i.m04, (x=0.0, 0.1, 0.2, 0.3, &0.4), 
synthesized by so-gel auto combustion method. Structural analysis with XRD 
confirms that all the samples have single phase cubic spinet structure without the 
signature of any impurity peak. The contents of the metal in the resulting spinel 
ferrites are close to the theoretical values. Surface morphology of all the samples 
reveals that the microstructure is going to improve and grains in all samples are 
spherical in shape, IR spectra show two prominent vibrational bands at vi (584-610 
cm-') and v2 (412-422 cm''), and these bands are assigned to the tetrahedral and 
octahedral sites, respectively. The resistivity measurement with temperature indicates 
a semiconducting behaviour. The dielectric constant showed decreasing trend with 
increasing frequency. The hopping of localized electrons between Fe2`—Fe3+ and 
Ni1+ 4-*Ni3' ions on octahedral sites is responsible for electric conduction and 
dielectric polarization. The Cole-Cole plots show a single semicircle for all the 
samples which exhibited that polycrystalline ferrites are composed of well conducting 
grains and poorly conducting grain boundaries. Decrease in saturation magnetization 
and in hyperfine field suggests that the weakening in A-B interactions takes place due 
to Ni" substitution. The Mossbauer measurements showed well-resolved magnetic 
spectra for the tetrahedral and octahedral sites. Mossbauer spectra show that there is 
an insignificant change in the values oC Isomer shift. The hyperfine magnetic field at 
both the sub lattices decreases with the introduction of increasing Ni" ions by 
breaking the coupling bonds between Fe3`A-O-Fe3+e interactions. The as obtained 
nano ferrites are found to have high quality and good stoichiometric composition 
which sanctifies the preference of this method. 
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Chapter -4 
!Rjsufts and oiscussion on 9Vi694go,fle2-xCrrO4  (0.0 
5 x 51.0) 'Ferrite Nanoparticles 
This chapter highlights detailed study of structural, electrical and 
magnetic properties of a series of pofycrystaffine Ni0, r`Mgos Fee Crx04 (0.0 
< x < 1.0) ferrite nanoparticiks, prepared using the citrate-gel method The 
effect of Cr su6stitution on Ni 59Mgo.s`Fe2 kO4 has been studied 6y using x 
ray diffraction  (X n,), scanning electron microscopy (SE&W, energy 
dispersive .-ray spectroscopy analysis (fEDAX), vibrating sample 
magnetometer ('VSM), Tourier transformation infrared spectroscopy 
(''172,, frequency dependent dielectric and impedance spectroscopy and 
Moss5auer spectroscopy measurements. 
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4.1 	Introduction 
The last two decades have witnessed a tremendous increase in the interest of 
the academics and the industry in materials that are aptly described by this new 
terminology nano-structured materials. Naturally this made the study of ferrites at 
nanoscale quite interesting subject both from the fundamental and application point of 
view. Nano-structured materials show the properties that are vastly superior to those 
exhibited by single crystalline, conventional polycrystalline and amorphous materials. 
Properties of nano-structured materials are of great theoretical and technological 
importance. '[he crystallographic, electrical and magnetic properties of these ferrites 
substantially depend on their method of preparation, chemical composition, sintering 
temperature. substitution, and grain size [I-3], which controls the microstructure 
forming high resistive boundaries between the constituent grains. Properties of ferrites 
have also been strongly affected when the particle size approaches a critical diameter, 
below the critical diameter each ferrite particle considered as a single domain [4]. 
Fenites with AB204 formula crystallize either in a normal spinet structure or in an 
inverse spinel structure. In a normal spinet structure, the Az+ cations occupy the 
tetrahedral site, whereas the B3+ cations occupy the octahedral site. In an inverse 
spinet structure, half of the octahedral coordination sites are occupied by A2+ cations 
and the remaining half as well as all the tetrahedral coordination sites are occupied by 
the B3  cations. In this cubic symmetry the metal ions are distributed over the two 
lattice sites; namely tetrahedral A-sites and octahedral B-sites. The tetrahedral site is 
surrounded by four oxygen ions while octahedral site is surrounded by six oxygen 
ions. Commonly, metal ions used for enhancing the properties of spinet ferrites are 
Ni, Mg, Mn, Zn, Ti, Co, Cu, Mg, etc. Ni—Mg ferrites are among the most widely used 
soft magnetic materials because of their use in high frequency applications as they 
possess high electrical resistivity and low eddy current losses [5]. Khalid et al. have 
reported the finite size effect and influence of temperature on electrical properties of 
nanocrystalline Ni-Cd ferrites L6]. Kharabe et al. have studied the dielectric and 
magnetic properties of Cd substituted Li—Ni ferrites [7]. Soibam et al. have reported 
the high value of magnetization for Ni—Li—Zn ferrites [8]. The electrical properties of 
Li—Ni—Eu and Li—Mg—Ti ferrites have been reported by AI-Hilli et al. [9] and by 
Bellad and Chougule [10], respectively. Both the NiFe204 and MgFe2O4 are well-
known inverse spinet structures with Mgt' and Ni` ions located on the B sites and 
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Fe3  ions distributed equally over A and B sites [11,12]. Recently, several methods 
have been employed to synthesize highly crystalline and uniformly sized magnetic 
nanoparticles of ferrite [13-15]. The citrate-gel method has gained scientific and 
technological importance during the last three decades. Citrate-gel method offers 
many advantages compared to that of conventional double sintering method, such as 
low temperature processing for the synthesis of nano-range particles. Several 
researchers have studied the effects of Cr'* substitution in the spinel structure of 
ferrites [16,18]. In this chapter, we have investigated the NiosMgo.5Fe2-.cCr,04 (0 <x < 
1.0) system synthesized using citrate-gel method to examine the influence of the 
substitution of Cr3* ion on the structural, electrical and magnetic properties of the 
Nio 5Mgo.sFez.XTr 04 ferrite system. 
4.2 	Results and Discussion 
4.2.1 Structural Properties 
Identification of the single-phase FCC spinet structure was made by X-ray 
diffraction technique. The crystallinity, structure and crystallite size of Cr doped Ni-
Mg ferrite nanoparticles were obtained by X-ray powder diffraction (XRD) on a 
Rikagu Miniflex (11) using CuKu radiation (1=0. 15406 nm) in 20 range from 200-700 . 
Fig. 4.1 displays the structural characterization for all the samples. All the samples 
have single phase cubic spinet structure and no detrimental intermediate phase is 
observed, The linear variation of lattice constant with Cr'* ion substitution is 
observed. The linear variation in lattice constant is due to the ionic radii of the doped 
and the replaced ion. The substitution of Crj* ions in Ni-Mg ferrite decreases the 
lattice constant of the ferrite system. This reduction in unit cell size is attributed to the 
ionic radius of 6-fold-coordinated Cr" being smaller (0.64 A) than that of 6-fold-
coordinated high-spin Fe'* (0.67 A). The values of lattice constant as a function of 
chromium concentration are given in Table 4.1, for various Nio5Mgo.sFe2.1CnO4 
ferrites. It can be seen that the lattice constant decreases proportionally to the doping 
contents. The decrease in lattice constant value can be explained on the basis of 
Vegard's law [19]. 
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The average crystallite size of the nano phase synthesized particles was 
determined by using the following Debye-Scherrer formula [20] and found in the 
range 30-35 nm as shown in Table 4.1, 
0.98:  
11W f hk!  cos O j 
....(4.1) 
where is X-ray wavelength of the CuKa radiation (X=1.5406 A), Ohki is the 
Bragg diffraction angle and [3 ui is the full width at half maximum (FWHM) in radians 
of the main peak in the X-ray diffraction pattern calculated by using Gaussian fitting. 
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Fig. 4.1: X-ray patterns of Nro.5Maro.5Fe2.xCrXO4 (a) x = 0.0, (b) x = 0.2, (c) x = 0.4, 
(d)x=0.6, (e)x=0.8, and (fx=1.0 
The X-ray density (dx) of the prepared samples was calculated by using the 
following relation [21]. 
........(4.2) 
Va3 
(g/cIll') 	(grcnl') 
4.781 	3.643 
	
23.80 	35.5 
4.787 3.426 28.43 35.6 
4.779 3.207 32.89 33.9 
4.767 3.132 34.29 34.4 
4.755 3.110 34.59 33.1 
4.741 3.100 34.61 30.6 8.423 
where M is molecular weight of the sample, N the Avogadro's number, a 
lattice constant and 8 (in ferrites) represents the number of molecules in a unit cell of 
spinel ferrite. 
The apparent density (dexp) was calculated by assuming the circular shape of 
the pellets by using the following relation: 
m Na3 m dCt1, = — = 
V nr`h 
.....(4.3) 
where m, V, r and h represent the mass, volume, radius and the thickness of 
the samples, respectively. The X-ray density depends on the lattice constant and the 
molecular weight of the sample. while the apparent density of the samples is being 
calculated from the geometry and mass of the samples. Both densities as a function of 
Cr contents are given in Table 4.1. X-ray density decreases with Cr substitution, 
which may be due to the fact that the density and atomic weight of Cr are 7.19 
gmlcm3 and 51.99, respectively, which are greater than that of Fe ions (6.98 gm/cm3, 
55.84). The apparent densities of the samples show the same general behaviour like 
that of theoretical density. The higher value of X-ray density than that of the apparent 
density is due to the existence of pores that depends on sintering condition. The 
variation of the porosity of samples with composition is given in Table 4.1. 
Table 4.1: Lattice constant (a). X-ray density (dx), apparent density (drxp), porosity 
(P). and crystallite size (t) of Nio.sMgo.sFe2_..CrzO4 
The porosity of the samples increases with composition: this is due to the 
lower density of Cr i ' ions. It may be depicted that the size of the particles decreases; 
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the porosity increases in the range of 23.8-34.6%. EDAX measurements were 
performed to determine the chemical composition of the sample to support our 
observations on the structure of the Ni-Mg ferrite. EDAX measurements were carried 
out on the same point with electrons to give the chemical composition of essentially 
the core of the particle. Results of EDAX analysis of the investigated samples are 
given in Fig. 4.2. It is observed from Figs. that, the Fe3+ has very high concentration 
as would be expected for un-doped (x = 0.0) Cr ;+ ions. As the Cr;  content goes on 
increasing, the percentage of Fe3, ions decreases. The atomic and weight percentages 
of various cations in the Nio.5Mgo.5Fe2O4 are shown in Table 4.2. The elemental 
analysis as obtained from EDAX is in close agreement with the starting composition 
used for the synthesis. The EDAX quantification can be influenced by the surface 
crystalline defects of nanoparticles. This can also be taken into account to explain the 
difference between the values of the atomic ratio as determined by EDAX and the 
expected value. Typical SEM micrographs of the Cr" substituted Ni-Mg ferrites are 
shown in Fig. 4.3.The grains were of cubic-shaped platelets. The average grain size 
obviously tends to decrease with Cr;+content. It is thus reasonable to note that the 
Cr3+substitution results in inhibiting grain growth in the prepared ferrite samples. 
Table 4.2: The EDAX analysis data of Nio.s Mgo.sFe2_x CrrO4 ferrite nanoparticles. 
Compo 	 Chemical composition (EDAX) 
sition Wt % 	 At % 
X Ni Mg Fe Cr 0 Ni Mg Fe Cr 0 
0.0 13.75 06.63 49.72 04.95 24.95 07.67 08.94 29.17 03.12 51.09 
0.2 	'13.46 06.66 44.73 09.90 25.25 07.46 08.92 26.06 06.20 51.36 
0.4 12.32 06.80 37.98 14.84 28.06 06.54 08.72 21.20 08.90 54.65 
Fig. 4.3 shows the SEM images of powder samples while Fig. 4.4 shows the 
photo graphs of sintered pellets of the typical compositions of Nio.sMgo.sFe2.XCrXO4.  It 
is observed from Figs. 4.4 that the SEM images of the sintered pellets sample show 
dense structure as compared to that of powder sample (Fig. 4.3). Fig. 4.5 shows the 
AFM micrographs where we have observed that the grains of different shape and 
sizes. The shape, size and morphology of the particles were examined by direct 
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observation via transmission electron microscopy. The typical TEM micrographs for 
the x = 0.4, 0.6 and 1.0, samples are shown in Fig. 4.6. The observations reveal that 
the particles are approximately spherical in shape and agglomerated. Fig. 4.6 also 
shows the selected area electron diffraction (SAED) pattern for x = 0.4, 0.6 and 1.0, 
samples. the polycrystalline nature of as prepared samples can be clearly seen in the 
SAED pattern (Fig.4.6). Fig. 4.7(a-c) shows the typical histograms of size distribution 
for Nio.$Mgo.sFe2-Xr104 nanoparticles, indicating the quality of spherical 
Nio.sMgo.sFez-,Cr 04 nanoparticles are very high in terms of size distribution. 
4.2.2 Cation Distribution 
The cation distribution in spinel ferrite can be obtained from an analysis of the 
X-ray diffraction pattern. In the present work, the Bertaut method [22] is used to 
determine the cation distribution. This method selects a few pairs of reflections 
according to the expression: 
IObs. 
hk! 
Kara. 
_ hM 
lobs. — ICam. 
WA 8k'f 
......(4.4) 
where t and 1c'` are the observed and calculated intensities for reflection 
(hkO, respectively. The best information on cation distribution is achieved when 
comparing experimental and calculated intensity ratios for reflections whose 
intensities (i) are nearly independent of the oxygen parameter, (ii) vary with the cation 
distribution in opposite ways and (iii) do not differ significantly. In the present work, 
(220), (400). (440) were used to calculate intensity ratio. These planes are assumed to 
be sensitive to the cation distribution. The temperature and absorption factors are not 
taken into account in our calculations as they do not affect the intensity calculation. If 
an agreement factor (R) is defined as in Eq. (4.5), the best-simulated structure which 
matches the actual structure of the sample will lead to a minimum value of R and the 
corresponding cation distribution is obtained for each hid and h'k'l' reflection pair 
considered. 
Obs.Cafc. 
IMF / 	Inrr 
R= Ir . ob ~I,Ca?cc . 	
.....(4.5) 
93 	 1.15 
Energy - keV 
Energy - keV 
(x =0.0) 
,.e 
e.. 
Fa 
0.9 MV w m Fs 
vae 	zoo zoo 	4,50 	LOS aso 	vow e.00 	s.o• 	,oa Energy - key 
VSI 
1.0 
0.2 
0.O 
(x =0.6) 
CF 	Fe 
IN 
Fe 
	
Cr 	F• 	f11 
1.00 	2.00 	3.00 	4.0* 	6.00 	6.00 	7.00 	0.00 
EnergW - keV 
Energy - keV 
2.: 
(x =1.0) 
1.S- 
1.3 
KCnt 
..9 Cr 
Fe 
0.4 	tN MO 
Fo 	 Cr 	 tN 
Fe 	fW 
.O 1.00 	2.00 	3.00 	4.00 	6.0e 	6.00 	7.00 	0.00 	0.00 	10.0 
Energy - key 
Fig. 4.2: EDAX analysis of x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0. 
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Fig. 4.7: Size distribution of nanoparticles from TEM images (a) x = 0.4, 
(b) x = 0.6 and (c) x = 1.0. 
The intensities of these are nearly independent of the oxygen parameters. The 
calculations were made for various combinations of cations. For the calculation of the 
relative integrated intensity of a given diffraction line from powder specimens as 
observed in a diffractometer with a flat-plate sample holder, the following formula is 
valid. 
14k,  = I FJ' P - L,, 	 ......(4.6) 
where. F is structure factor, P is multiplicity factor, Lp the Lorentz polarization 
factor and 
_ l + cos` 20 
LP sine Ocos8 
.....(4.7) 
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The atomic scattering factor for various ions was taken from the literature [23]. The 
cation distribution for each concentration and the site preferences of cations 
distributed among the tetrahedral A- sites and octahedral B- sites are presented in 
Table 4.3. 
Table 4.3: Cation distribution, ionic radii of tetrahedral (rA) and octahedral (ra) 
theoretical lattice constant (am) site. 
Comp. 	 Cation distribution 	
rc 	ra 	an 
x (A) (A) (A) 
0.0 (Mgo.iFeo.9)" [NiasMgo4Fei.i]u 04 0.675 0.685 8.419 
0.2 (MgniFeo,q)"[Nia5Mgo4Cro,2Feo9]R 06 0.675 0.682 8.411 
0.4 (Mgo.tNio.o3Feb.87)" [Nio.6?MgQ4Cro.4Feo.73]11  04 0.676 0.679 8.403 
0.6 (Mgu.tNio.o7FeQ.s!)A ft4io43Mgo4cro&Eeos?]B 04 0.676 0.675 8.395 
0.8 (Mgo.NNio.iCroo,Feo. 75)" [NmeMgb4Ct0.75Fe045]B 0< 0.676 0.673 8.387 
(Mgo.I4Nio.I2Cro.osFeo.69]r' 1.0 
tN103sMgo.36Cro95Fe0.31] 	04 
0.678 0.669 8.380 
In this Table, the fraction of Fe' ions in either site is shown. The results 
demonstrate that Ni' and Mgt' ions occupy B sites. The Mgt` ions have the 
probability to occupy the tetrahedral site (A) or octahedral site [B], with high 
preference for the B sites. Cr preferentially replaces Fe3+ from octahedral sites 
because of favourable crystal-field effects (Cr"6/540, Cr"0Ao) [24]. It is observed 
from Fable 4.3 that the Cry` ions predominately occupy the octahedral sites, which is 
consistent with the preference for large octahedral-site energy. With increasing Cr 
content, the fraction Cr'- ions in octahedral sites increases, whereas the fraction of 
Fes+ ions in octahedral sites decreases linearly. 
The values of rA and it are given in Table 4.3. It is shown that TA remains 
almost constant and in decreases with increasing Cr}' content. The decrease in in is 
due to the increasingly high occupation of the B site by the smaller ionic radii of Cr" 
(0.64 A), replacing Fes ' (0.67 A). The values of theoretical lattice parameter `as' are 
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shown in Table 4.3. The variation of theoretical values is similar to that observed for 
the experimentally determined lattice parameter. 
4.2.3 FT-IR Spectroscopy 
The FT-IR spectra of Cr3+ substituted Ni-Mg ferrite were recorded at room 
temperature in the frequency range of 400-2000 cm'' and the obtained results are 
shown in Fig. 4.8. The higher frequency band (vi) (584-675 cm) and lower 
frequency band (V2) (434-465 cm) are assigned to the tetrahedral and octahedral 
sites, respectively [25-291. 
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Fig. 4.8: FT-IR spectra of Nio.5Mgo.jFe2CrO4 for x = 0.0, 0.2, 0.4, 0.6 and 1.0 
ferrite nanoparticles. 
It explains that the normal mode of vibration of tetrahedral cluster is higher 
than that of octahedral cluster. It should be attributed to the shorter bond length of 
tetrahedral cluster and longer bond length of octahedral cluster [30]. It has been 
observed in the present system that the band positions vi and v2 change slightly. This 
may be due to the distribution of Cr3- ions (ionic radius 0.64 A) which are replacing 
Fe3, ions (ionic radius 0.67 A) at octahedral [B] site, thus, making some changes in 
the size of tetra and octa-hedron. It can be seen that the frequency v2 is shifted to 
higher frequencies with increasing Cr"' content. The shift in the band position, by 
increasing Cr3+ content, may be due to the variation in the cation-oxygen bond length 
of the octahedral lattice of the spinel. The replacement of Fe3  ions by smaller Cr3+ 
ions will result into a somewhat decrease in the metal-oxygen bond length and 
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consequently increase the wave number of v2 band. The splitting of the v2 band into 
bands of medium intensity may be logically attributed to the increasing quantity of 
Cr-O2 complexes as the Fe3, content decrease at B-site. Similar splitting of spectra 
have been reported in literature for Cr"' substituted ferrite system [31]. 
4.2.4 Magnetic Properties 
Fig. 4.9 shows the variation of magnetization as a function of applied 
magnetic field for various Nio-5Mgo.5Fe2_XCr04 samples at 300 K. 
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Fig. 4.9: M-H curves of Vin.sMfgo.5Fe2_xCrzO4 (for x = 0.0. 0.2, 0.4, 0.6, 0.8) 
ferrite nanoparticles samples at room temperature. 
M-H curve helps in understanding the magnetic response of synthesized 
material and provides the information regarding the magnetic parameters such as 
saturation magnetization (Ms). coercivity (Hc) and remanence magnetization (Mr) as 
shown in Fig. 4.10. 
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Fig. 4.10: Variation of saturation magnetization (Ms), remanence magnetization 
(Mr) and coercirityy (Hc) with Cr content x. 
For Cr3+substituted Ni-Mg ferrite, the Fe31 ions are replaced by Cr + ions, 
leading to a decrease in the B-site sub-lattice magnetization. The decrease in 
magnetization is explained by the A-B interaction. In the present case, Cr - ions of 
low magnetic-moment values (3µB) replace Fe'- ions of high magnetic moment (5µB). 
The observed magnetic moment (nBoh) per formula unit in Bohr magneton (9B) was 
calculated by using the relation [32, 331; 
Mol. wt x A'!,. nB = 
5585 
....(4.8) 
where nBobs is the observed magnetic moment of the samples expressed in 
Bohr magneton, Ms is the saturation magnetization. Fig. 4.11 shows that observed 
magnetic moment decreases with increase in Cr3+ ions, the observed decrease in 
magneton number is attributed to decrease in A-B interaction. 
The applicability of Neel's model has been tested for all the samples of the 
presently investigated ferrite system. According to Neel's two sub-lattice model of 
ferrimagnetism, calculated magnetic moment (nBcai.) per formula unit in µB is 
expressed as [33]: 
nBcal = MB(X)-MA(X) 	 .....(4.9) 
where Ma and MA are the B and A sub-lattice magnetic moments in pB. The 
nB (µa) values for Nio.sMgo.5Fe2.1Cr1O4 were calculated using cation distribution 
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(Table 4.3) and ionic magnetic moment of Fe", Nit , Mgt and Cr*3 i.e. 5µn, 2µa,O iB 
and 3µe, respectively.. 
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Fig. 4.11: Variation of observed and calculated magneton number with Cr con/en! x. 
The calculated values of magneton number are shown in Fig. 4.11. It is seen 
that both observed and calculated values of magneton number show decreasing trend. 
As shown by Hastings and Corliss [34] good agreement between observed and 
calculated saturation moments can be obtained for a series of mixed ferrites if some 
of the Cr" moments (situated at the B-sites) are aligned parallel rather than anti-
parallel to the A-sites moments. It is observed from Fig. 4.10 that remanence 
magnetization (Mr) and coercivity (He) decreases with increasing Cr content x. The 
deviation from the calculated magnetic moment (using Neel model) may be due to the 
canted magnetic system. 
4.2.5 Mbssbauer Spectroscopy 
MOssbauer spectra of Nio.sMgo.sFe2-,CrrO4 ferrites were recorded at room 
temperature (300 K). The spectra of all the samples are shown in Fig. 4.12; spectra 
could be resolved into two well defined sextets each. One of the sextets is attributed to 
Fe3 ions at tetrahedral (A) site due to its smaller isomer shift and smaller hyperfine 
field of the Zeeman pattern and the second sextet has been attributed to Fe3' ions at 
octahedral [B] site due to its larger isomer shift and larger hyperfine field of the 
Zeeman pattern [35].The presence of six finger pattern in the spectra of all the 
samples shows that the samples are magnetically ordered. The values of the Line 
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width (I'). isomer shift (IS), quadruple splitting (QS) and hyperfine field (BHF) 
corresponding to tetrahedral (A) and octahedral (B) sites for all the samples are given 
in Table 4.4. The line width of the tetrahedral sites becomes broader than that of the 
octahedral site with the increase of the Cr contents at the octahedral site. Such 
broadening is, in fact, expected due to a distribution of the hyperfine fields caused 
principally by a random distribution of Ni2,. Fe3+ and Cr 3+ ions at the A and B-site 
(as evidenced by Table 4.4). since the Fe3 A-sites would feel different configurations 
of Ni-', Fe3' and Cr" ions occupying the 12 nearest neighbours B-sites [36]. The 
observed values of isomer shift show within experimental error, an insignificant 
change with increasing substitution of Cr3' ions. It implies that the s-electron charge 
density of Fe3* ions is not influenced by increased Cr" substitution in Ni-Mg ferrites. 
It is observed from Table 4.4 that isomer shift value for octahedral sites is greater than 
that for tetrahedral sites. In cubic spinet ferrites, the bond separation Fe3+-0=' is larger 
for octahedral sites when compared to that for tetrahedral sites. 
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Fig. 4.12: Mossbauer spectra of all the samples of Nio.sMgo.sFe2_scrO4. 
Due to this, overlapping of orbital of Fe3' ions is small at B-sites and thus a 
larger isomer shift at B-sites was expected [37.38]. The range of values of isomer shift 
indicates that iron exists in Fe3+ valence state with high spin configuration in the 
prepared samples [39]. The values of quadrupole splitting (Table 4.4) for hyperfine 
spectra of all the samples are found to be negligibly small and attributed to the fact 
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that overall cubic symmetry is maintained between Fey' ions and their surroundings 
with the substituted Cr t- ions in the present Ni-Mg ferrites. The variations in 
hyperfine magnetic field at tetrahedral (A) and octahedral [B] sites as a function of 
Cr" substitutions in Ni-Mg ferrites are given in Table 4.4. In most of the ferrites, B-
site hyperfine magnetic field, is generally larger than that of A-site, which is 
attributed to the dipolar field resulting due to deviation from cubic symmetry and 
covalent nature of tetrahedral bonds [33,36]. 
Table 4.4: Line width (F), isomer shift (IS), quadruple splitting (QS) 
and hyperfine field (BHF) 
Sample Site F (mm/s) IS (mm/s) QS (mm/s) BHF (Tesla) 
A 0.625±0.025 0.112±0.008 -0.111±0.013 49.11±0.04 
0.0 
B 0.491±0.028 0.444±0.008 0.194±0.067 49.85±0.05 
A 0.601±0.039 0.106±0.012 -0.170±0.042 48.08±0.06 
0.2 
B 0.590±0.056 0.412±0.023 0.188±0.038 48.68±0.08 
A 0.607±0.103 0.056±0.082 -0.254±0.133 46.57±0.12 
0.4 
B 0.715±0.059 0.312±0.041 0.179±0.106 46.93±0.07 
A 0.794±0.106 0.041±0.139 -0.297±0.265 42.00±0.12 
0.6 
B 0.919±0.091 0.338±0.117 0.162±0.245 42.34±0.09 
A 0.725±0.034 0.093±0.047 -0.299±0.093 39.62±0.05 
0.8 
B 0.783±0.042 0.363±0.062 0.285±0.122 39.67±0.03 
A 1.121±0.025 0.133±0.010 -0.169±9.019 44.67±0.03 
1.0 
B 0.677±0.038 0.547±0.017 0.721±0.038 44.86±0.05 
The observed variations in hyperfine magnetic field at A and B sites with 
increasing Cr;' substitutions in Ni-Mg ferrites can be qualitatively explained using 
Neel's super-exchange interactions [33]. According to Neel's model, inter sublattice 
exchange interactions, i.e., AB exchange interactions are stronger than intra sublattice 
exchange interactions, i.e., AA or BB exchange interactions. As both A and B sites 
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are occupied by Fe3+ions, so the interaction of Fe3  is possible with Ni2', Mg'- and 
Cr" ions. The net magnetic field is mainly due to strong Fe,, -O-F4 interactions. 
In the present series, Fe" ions with larger magnetic moment (i.e. 51.Ln) are replaced by 
Cr" ions with smaller magnetic moment 3µe.  This results in decrease of magnetic 
linkages inFeA -O-Fe, FeA'-O- Mg'J7andF4 -O-.Nitand consequently Fe3` 
ion experience a decrease lathe magnetic field at A and B sites. Therefore, hyperfine 
magnetic field is expected to decrease with increase of Cr" concentration. In general, 
the decrease in hyperfine fields is due to decrease in the super-transfer field that arises 
from the magnetic ions (Fe and Cr) surrounding a given Fey` ion [40] and in Fermi 
contact field that is proportional to the magnetic moment of Fe ions [41]. This 
argument is suitable for Ci- substitution up to x = 0.8, it is observed from Table 4.4 
that hyperfine field shows increased values for x = 1.0 as compared to x = 0.8. With 
the increase of Cr content (x > 0.8), competition for the octahedral sites takes place 
between Fe3+, Nit*and Cr. We assert that Cr" displaces some of Ni" from the 
octahedral sites to tetrahedral site. Usually the saturation magnetization is 
proportional to the hyperfine field which agrees well with hysteresis measurements 
[42]. Relation between hyperfine field, H, and the average of sublattice magnetization 
M can be represented [43] by H = AM, where A is the hyperfine coupling constant 
and M is the magnetization. Therefore, the magnetization is lowered due to the 
decrease in hyperfine field. 
4.24 Dielectric Measurements 
The dielectric properties of ferrites strongly depend on the several factors, 
including the method of preparation, chemical composition, and grain size. Fig. 4.13 
and 4.14 depicts the variation of real (e') and imaginary (c") part of the dielectric 
constant as a function of an ac field at room temperature in the frequency range of 
42Hz - 5MHz. It is clearly evident from these Figs. that the dielectric constant initially 
decreases rapidly in the low frequency region but at very high frequencies; its value 
becomes so small that it becomes independent of applied frequency. The low- 
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frequency dispersion in ferrites is observed due to a space-charge effect [44-45]. The 
imaginary part of dielectric constant (e") decreases with increasing frequency at a 
faster rate than that of real part of dielectric constant (e'). The observed behaviour can 
be explained on the basis of interfacial polarization suggested by Koops [46]. During 
the sintering process the presence of majority Fe3+ ions and minority Fe" ions makes 
ferrite material dipolar, as Fez ions are usually formed due to the partial reduction of 
Fe3+ ions during the synthesis process. The electron exchange interaction between the 
ferrous (Fez ) and ferric (Fe3') ions results in the local displacement of the electrons 
in the direction of the applied field, which determines the polarization in ferrites. 
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Fig. 4.13: Variation of real part of dielectric constant (e9 as afunction oflogf 
The decrease in dielectric constant with increasing frequency is explained to 
be due to the decrease of polarization of the dipoles when electric field propagates 
with high frequency. In other words, beyond a certain frequency region or electric 
field the electron exchange does not follow the applied alternating field. The high 
value of the dielectric constant at lower frequency region is due to the existence of 
Fey' ions, oxygen vacancies, grain boundary defects, etc [47,48]. While the decrease 
in dielectric constant with frequency is natural. i.e., any species contributing to the 
polarizability is found to show lagging behind the applied field at higher frequencies 
[49]..A plot of dielectric loss tangent (tan 6) versus frequency at room temperature is 
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shown in Fig. 4.15. The value of tan S measures the loss of electrical energy from the 
applied electric field into the samples at different frequencies. It is observed that the 
tan S shows a decreasing trend with increase in frequency. All the samples show 
normal behaviour except r0.0, in the case of pure Ni-Mg ferrite (x=0.0) normal 
behaviour is obtained up to 2 MHz after that the peaking behavior is observed. This 
type of peaking behavior (Debye-type relaxation) observed when the jumping 
frequency of the Fee+and Fe3 ions exactly equal to the frequency of applied field 
[50]. The dielectric loss is more at high frequency because of increase in interruption 
to the passage of electric field through the sample due to the interaction of it with the 
oscillating majority charge carriers of the dipoles. 
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Fig. 4.14: Variation of imaginary part of dielectric constant (e'9 
as a function of log f. 
Further, it is observed from Figs. 4.13 - 4.15 that the dielectric constant, 
dielectric loss and dielectric loss tangent decreased with Cr" substitution. This 
behaviour can be explained by using the assumption of the mechanism of dielectric 
polarization is similar to that of conduction in ferrites. According to this, the 
electronic exchange interaction between Fe r` a ' Fe3+ results in a local displacement of 
the electrons in the direction of an electric field which determines the polarization of 
ferites. 
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The presence of Fez+ ions in excess amount favours the polarization effects 
[51]. Thus, the more dispersion observed in the sample with low Cr34 ion substitution 
and can be attributed to the presence of more Fez ions in excess amount. As the Cr3' 
ions substitution increased which replaces Fe3+ ions, as the Fe3  ions are reduced in 
the samples there is less possibility of electronic exchange interaction between Fez + 4a 
Fe3+, results in decrease in dielectric parameters. 
4.2.7 Frequency Dependence of ac-conductivity 
Conductivity is the physical property of a material which characterizes the 
conducting power inside the material. The electrical conductivity in ferrite is mainly 
due to the hopping of electrons between the ions of the same element present in more 
than one valence state and distributed randomly over crystallo-graphically equivalent 
sites. 
The total frequency dependence of ac conductivity is expressed as: 
amt = oo (T) +a (co, T) 	 ......(4.10) 
where the first term is dc conductivity which is due to the band conduction and is 
frequency independent. 
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The second term is pure ac conductivity due to the hopping process at the 
octahedral site and it is frequency dependent function. The first term is predominant at 
low frequencies and at high temperature, while the second term is predominant at high 
frequencies and at low temperature. The frequency dependence of the second term aac 
can be written as: 
where A is a constant having the units of conductivity, and the exponent `n' is a 
temperature dependent constant, a is the real part of the conductivity, w is angular 
frequency (w - 21rt). 
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Fig. 4.17: Variation of In ac conductivity with log w. 
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To understand the effect of the conduction and types of polaron contributing 
for conduction, the variation of ac conductivity of nano phase chromium substituted 
nickel magnesium ferrites were studied at different frequencies (42Hz-5Hz) and is 
illustrated in Fig. 4.16. 
Fig. 4.17 shows the variation of Ina versus mw in the frequency range of 42Hz 
to 5MHz, measured at room temperature. The ac conductivity shows an increasing 
trend with the increase in frequency for all the compositions. Its value first increases 
linearly according to the power law Eq. (4.11). It is seen that the conductivity of as 
prepared ferrite shows a gradual rise at low frequencies whereas at higher frequencies 
the conductivity rises steeply. This behavior can be explained on the basis of that, at 
low frequencies the conductivity is found low due to the grain boundary effect which 
acts as hindrance for mobility of the charge carriers. At high frequency regions the 
conductivity is mainly due to the ionic part which masks the effect due to the grain 
boundaries. The linear increase in ac conductivity with the frequency confirms the 
polaron type of conduction [52].The materials having low conductivity may be good 
candidates for the microwave applications that require negligible eddy currents [53]. 
4.2.8 Impedance Spectroscopy 
The concept of impedance was first introduced by Oliver Heaviside. 
Impedance spectroscopy is a specific branch of the tree of electrical measurements 
[54]. It has been among the most useful investigating techniques, since the impedance 
of the grains can be separated from the other sources of impedance, namely grain 
boundaries and electrode effects [55]. Impedance analysis provides an opportunity for 
understating the electrical transport in detail by assuming their resistive and reactive 
components, separately. 
The experimental data can be analysis in terms of four possible complex 
formalisms such as the complex impedance (Z*), the electric complex modulus (M*), 
the complex admitannace (Y*), and the complex permittivity (c*). Fig. 4.18 shows the 
complex impedance or Cole-Cole plot as a function of frequency at room temperature. 
"There is no complete semicircle obtained except x = 0.0. All the samples show one 
semicircle that is due to the conduction of the grain boundary, suggesting that a 
predominant conduction is through the grain boundary volume. The size of semi 
circles change with the grain size. In general, different types of dipoles contained in 
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the material are characterized by their own relaxation time. Therefore, the Cole-Cole 
plot generally is not exactly semi circular and varies with various degrees of 
distortions. The centers of these semicircles being dispersed under the real axis by an 
angle. Furthermore, contribution from the grain is not well resolved in all the samples. 
It is therefore, concluded that the conductivity for all the samples is mainly due to the 
grain boundary contribution. 
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Fig. 4.18: Cole-Cole plot of Nio 5Mgo 5Fe2_XC'r1O.,ferrite nanoparticles 
at room temperature. 
4.3 Conclusion 
Nio5Mgo.5Fe2-,~Cr1O4 (0.0 < x < l .0), ferrite successfully synthesized using a 
citrate-gel combustion route. The contents of the metal ions (x) in the resulting spinel 
ferrites are close to the theoretical values as shown by EDAX measurements. 
Structural analyses with XRD reveal that the system confirms the formation of single 
phase cubic spinel structure of Ni-Mg ferrite. It is also observed that the lattice 
constant decreases with increase in Cr3- substitution. Infrared spectra show two 
prominent bands corresponding to spinel ferrite phase. Magnetic analyses confirm 
that the samples show the ferrimagnetic behaviour. The Mossbauer measurements 
showed well resolved magnetic spectra for the tetrahedral and octahedral sites. The 
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hyperfine magnetic field at both the sub lattices decreases with the introduction of 
increasing Cr 3+ ions by breaking the coupling bonds between Fe,; —O—Fe 
interactions. The dielectric constant and loss factors decrease with increasing 
frequency for all the samples. The dielectric parameters also decreased with increase 
in Crsubstitution. The ac conductivity data show that the conduction process is the 
hopping type. Impedance analysis shows that the conduction mechanism is due to the 
grain boundary. 
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Chapter -5 
Synthesis ant Characterization of 
Nano-crystalne Ni- Cu-Zn cFerrite 
In this chapter nanocrystalne powder having elements 
M1;(uo.2sZn0.25'Fe2. In,94 with different doping of indium (x= 0.0, 0.1, 
0.2, 0.3 and 0.4) were synthesized 6y morfzd citrate to nitrate alchemy, 
The formation of single phase cubic spinet structure of the synthesized 
ferrate samples and its physical properties were studied by using IYZA-
7GA, XV), SEW, ¶E®X''Z7R, `~lS11 anddiefectric measurements. ScEM 
was applied to inspect surface morphology variations and7EJDX was used 
to determine the compositional mass ratios. The studies on the dielectric 
constant (E') dielectric foss (c"), Coss tangent (tams, ac conductivity (a,,) 
resistive and reactive parts of the impedance analysis (Z' and Z) at room 
temperature were also carried out. Elie saturation magnetizations (S'G) 
were determined using the vidrating sample magnetometer (VS91). 
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5.1 	Introduction 
Spinet ferrite nanoparticles have been the subject of interest in the recent years 
due to their promising technological applications such as high-density data storage, 
ferrofluid, spintronics, sensors, magneto-caloric refrigeration, heterogeneous 
catalysis, hydrogenation flourishes, magnetically guided drug delivery, magnetic 
resonance imaging etc. [1-4]. Nanosized ferrite particles exhibit the unusual magnetic 
properties which are not observed in the bulk material, e.g. single domain behaviour, 
superparamagnetism, and reduced Curie temperature and magnetization [5]. Latest 
intensification in wireless technology, such as: high-speed wireless network, internet 
manageable cell phones, has reconnoitred the superficies of real-time intimation 
during the last few decades, Multilayer chip inductors (MLCIs) are important 
components which have greatly benefited the miniaturization of many electronic 
devices, such as, cellular phone, notebook computer, video camera etc. They are made 
by putting alternate layers of ferrite material and Ag electrode since Ag is used as an 
internal conductor of MLCIs due to its high conductivity. The increasing demand of 
Ni-Cu-Zn ferrite in various applications has led to a growing interest in low 
temperature sintered ferrites. The Ni-Cu-Zn ferrite is an important material that was 
used to develop the moltilayer chip inductor (MLCIs) in 1980. More recently, Ni-Cu-
Zn ferrite nanostructures have been used in the development of miniaturization of 
electronic components for the application in high frequency region. Ni-Cu-Zn ferrite 
come under the umbrella of soft ferrites and chemically symbolized as MFezO4. For 
the sake of sharply perusal and exploit the potential and possibilities associated with 
the nanomaterials, the main aim is to synthesize well-defined, mono-disperse 
structures of ferrite materials through an ingenious procedure. The most common 
techniques those are used to synthesize the nano materials coven; hydrothermal [6], 
solvothetmal [7], mechanical milling [8], sot-gel [9], bacterial synthesis [10] and so 
on. Most of them have been convened towards the research of particles, with a narrow 
size distribution in the range of few nanometres. Many research groups have studied 
the effect of various doping substitution in the Ni-Cu-Zn ferrite matrix to upgrade 
their structural, electrical and magnetic properties. M. Yan et al. [11] premeditated the 
microwave sintering of high-permeability (Nio;nZno.oQCuo.2o)Fet;sOa ferrite material 
prepared at low sintering temperatures, and they initiated that at low frequency 
domain wall motion plays predominant role in the magnetization process. Effects of 
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impurity Na' ions on the structural and magnetic properties of Ni—Zn—Cu ferrite 
powder were performed by Ailin Xia [ 121 to reveal that the impurity of Na + ions 
greatly affect the crystalline structure and its magnetic properties. Furthermore, Ref. 
113) reported the effect of Mg substitution on electromagnetic properties of 
(Nio.25Cuo.2oZnQ55)Fe204 ferrite prepared by auto combustion method. Raghvender et 
al. [14] studied the nanocrystalline Ni-Cu-Zn ferrites prepared by oxalate based 
precursor method. 
It is known that when Fe31 ions are substituted by Ina+ ions its lattice 
parameters are changed. Large size of Ina- increases the lattice parameter [ 15,16]. 
Addition of Ina+ ions into the ferrite samples may produce a change in structural as 
well as magnetic properties depending on the amount of Ina  ions used. Shirsath et al. 
underline the interesting results as they showed an increase in magnetization with Ina+  
substitution in NiFe2O4 [ 17]. In the present work, we have used the combustion 
synthesis. as it is engaged in the field of propellants and explosives, involves an 
exothermic and self-sustaining chemical reaction between the required metal salts and 
a proper organic fuel [18]. A flowchart for the preparation of Ni-Cu-Zn-In spinel 
ferrite is illustrated in Fig. 5.1. Since, no reports have been sighted in the literature on 
the structural, dielectric, impedance, and magnetic phase evolution of nanocrystalline 
Ina+ substituted Nio.;Cuo.25Zno.2sFe2O4 ferrites synthesized by a novel combustion 
method of synthesis. In the present study, we account an effort on the synthesis of 
Nio5Cuo.25Zno.2sFe2-1nO4 ferrites. In this chapter, we report the low temperature 
synthesis of Ni-Cu-Zn ferrites and its crystal structure, magnetic and electrical 
properties. 
• • 	 etal ntt solution 
Zn (No3),.6H2O 
• mss 
Ni-Cu-Zn-In 
	 Spinel 
Metal nitrates 	Stir and heating 	 ferrite ferrite 
Fig. 5.1: Flowchart for the preparation of Ni-Cu-Zn-In spinel ferrite by citrate-nitrate 
precursor auto combustion. 
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5.2 	Results and Discussion 
5.2.1 Thermal Analysis 
In order to investigate the formation of the spinel structure phase, thermal 
analysis of the samples was carried out in the temperature range of 30 to 700°C. 
Thermal analysis of the precursor citrate incinerated powder was carried out in air by 
using thermo gravimetric (TG) and differential thermal analysis (DTA). Simultaneous 
TG-DTA spectra for the synthesized samples have been presented in Fig. 5.2. The 
endothermic peak in the DTA curve at 316°C may be the indication of the formation 
of crystallization of the spine) phase [19, 201. In TG the exothermic peak at 70°C is 
attributed to the loss of adsorbed water molecules and other exothermic peaks are 
because of decomposition of precursor. In TG pattern, the system undergoes a peak 
between 70°C and 240°C, which can be ascribed to the burning of organic material in 
the sample. The fast decrease in weight between 240°C and 380°C is also observed, 
which is caused by the gradual crystallizing process. 
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Fig. 5.2: TG/DTA of the typical sample (x = 0.1) ofNio.sCuo2sZno.zsFe2dn1)e. 
During 380-700°C slow weight loss is detectable, indicating the complete 
decomposition of the precursor above 380°C. It is observed in case of acetate-citrate 
gelation and in citrate-nitrate auto ignition [21, 22] that the temperature for removal of 
organics are completely above 450°C and the prediction of the particle size and 
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further analysis in that direction is irrelevant below this temperature. Therefore, even 
though the decomposition has completed at 380°C, we have chosen 700°C as the final 
calcination temperature for present samples. 
5.2.2 X-ray Diffraction Analysis 
The X-ray diffraction (XRD) patterns of Nia 1CuossZnn25Fe2-rImO4 ferrite 
sintered at 600°C for 8 hours to obtain auto-combusted powder are depicted in Fig. 
5.3.The sample was in the powder constitution for X-ray investigation. Part of the 
powder was X-ray examined by using Rigaku X-ray diffractometer (Rigako Miniflex 
11) with CuKa radiation (wavelength ) = 1.5406 A operated at 40 kV and 35 mA). It is 
consistent with the standard pattern that as-prepared powder has a cubic spinet Ni-Cu-
Zn ferrite structure (JCPDS No. 48-0489). The broadness of the diffraction peaks 
indicates the small size of the ferrite crystals. The average crystallite size `t' of as 
prepared ferrite powder estimated from the most intense (311) peak of XRD and using 
a Debye-Scherrer formula [23], 
CA (5-1) Bt, z cosO 
 
where Btn is the full width at half maximum in (20), 0 is the corresponding 
Bragg angle and C = 0.9.The analysis revealed that the crystallite sizes are in the 
range of 25-34 urn and exhibit gradual increase with the increasing in Ina+ content 
(Table 5.1). The lattice constant a,' was investigated by using the following 
relation: 
(5-2) 
where dhn is the observed interplaner distance for hid planes. The d-spacing values 
were calculated for the recorded peaks using Bragg's law, and the lattice constant 
`a,' was calculated for each plane. The dependence of the lattice constant 'a,,,' on 
Ina* substitution is tabulated in Table 5.1 along with other structural parameters. The 
lattice constant 'a increase with Ins' substitution. The X-ray density (theoretical 
density 0:  ) of the samples has been determined according to the following equation: 
D. Na (glcm') 
(5-3) 
where M is the molecular weight of the sample; N is the Avogadro's number, 
a3 is the volume of the unit lattice and 8 stands for the number of chemical formulae 
in a unit cell. 
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Fig. 5.3: XRD pattern of Ni-Cu-Zn ferrite (a) = 0.0, (b) = 0.1, (c) = 0.2, (d) = 0.3 
and (e) = 0.4. 
The experimental density (dB) of the samples has been determined by using the 
relation: 
d8  = mass (g / cm3 ) 	 (5-4) 
volume 
where the mass has been found out by using a digital balance (OHAUS B100). 
The porosity (P) of the samples has been calculated using the following relation: 
P=1— 	 (5-5) 
It is observed from Table 5.1 that the X-ray density (Dx) and bulk density (dB) 
increases whereas porosity decreases with increase in Ina  substitution. 
Table 5.1: Crystallite size (t). lattice constant (a). X-ray density (Dx), bulk density 
(dB), porosity (P), grain size (G), saturation magnetization (Ms), magneton 
number (nsobs. and nacal.) 
t (nm) 25 28 29 31 34 
a=b=c (A) 8.352 8.3730 8.396 8.419 8.45 
Dx (g/cm3) 5.393 5.486 5.574 5.659 5.737 
dB (g/cm3) 4.538 4.625 4.785 4.862 4.953 
P (%) 15.86 15.70 14.15 14.09 13.67 
G (nm) 80 85 92 -- -- 
Ms (emu/g) 66.75 65.66 56.28 51.36 48.58 
nsobs. (µB) 2.83 2.85 2.50 2.34 2.26 
necal.(µs) 3.75 4.35 4.79 4.85 5.45 
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5.23 Cation Distribution 
The cation distribution in spine) ferrite can be obtained from an analysis of the 
X-ray diffraction pattern. In the present work, the Bertaut method [24] is used to 
determine the cation distribution. The cation distribution for each concentration and 
the site preferences of cations distributed among the tetrahedral A sites and octahedral 
B sites are presented in Table 5.2. In this table, the fraction of Fe" ions in either site 
is shown. The results demonstrate that Ni'*  and Ina  ions show their preference 
towards octahedral B and tetrahedral A site, respectively. These results are in 
consistent with the assumption of Ni-In cation distribution estimated by Shirsath et al. 
[17,25]. ZnN  preferentially occupies tetrahedral A-site because of its large 
tetrahedral-site energy. 
The mean ionic radius of the A and B sites (rA and m) can be calculated using 
the relations discussed elsewhere [26,27]. The values of rA and re is given in Table 
5.2. It is observed that rA increases from 0.7100A to 0.7920A, and rn increases from 
0.7038 A to 0.7108 A with increase in Ina+ substitution. The increase in site radii (rA 
and rB)  is related to occupancy of Ina+ at tetrahedral A and octahedral B site with its 
higher ionic radii. As the In ions increases it replaces smaller Fe" ions, that results 
in decreases in ionic radii of the available sites, The theoretical lattice parameter (aa) 
can then be calculated using this equation [28]: 
(aa=) IY g fr ]i J0 [r8 trJ] 	 (5-6) 
where to is the radius of the oxygen ion (0.138 nn), and rA and ra are the ionic 
radii of tetrahedral (A) and octahedral [B] sites, respectively. The values of the 
theoretical lattice parameter am are shown in Table 5.2. The variation of theoretical 
values of lattice constant is similar to that of experimentally determined lattice 
parameter. Using the values of `a', radius of oxygen ion Ro= 1.32 A and 'rA' in the 
following expression, the oxygen positional parameter u' can be calculated [29], 
The values of u are presented in Table 5.2. The oxygen parameter `u' is a 
quantitative measure of the displacement of an oxygen ion due to substitution of a 
metal cation into the tetrahedral (A) site. The increase of 'u' is a direct consequence 
of increasing the trigonal distortion of the B-site oxygen coordination. Increasing the 
125 
migration of the In3- ions into the A sub-lattice makes it expand to accommodate 
these ions. This expansion creates oxygen vacancies in the A sites, which increases 
the trigona] distortion of the B site oxygen coordination. This is reflected in the 
obtained high values of u' (0.39A), where the ideal value is 0.38A. The bond lengths 
of tetrahedral (A) site 'dA,' (shortest distance between A site cation and oxygen ion) 
and octahedral [B] site 'dB,' (shortest distance between B site cation and oxygen ion), 
tetrahedral edge `dAXE', shared octahedral edge 'dBxe' and unshared octahedral edge 
'daxa' can be calculated by putting the experimental values of lattice parameter `a' 
and oxygen positional parameter 'u' of each sample in the equations discussed 
elsewhere [30]. 
Table 5.2: Cation distribution, site ionic radii (rA and rB). oxygen positional 
parameters (u) and theoretical lattice constant (ath). 
Cation distribution 
 
Comp. 
x 
Site ionic radii 
(A)  u (A) am(A) 
A-site B-site r. rB 
0.0 Zno.2sFeo.75 Nio.5Cuo25FeI.25 0.7100 0.7038 0.3903 8.507 
Nio.IZno.25 Nio.4Cuo 25 Ino osFec.3 0.1 0.7330 0.7043 0.3916 8.518 
Ino.o5Feo 6 
Nio.t$Zno.i5 Nio.36Cuo.25 0.2 0.7542 0.7057 0.3926 8.530 roo.l2Peo.6 mo.oaFa131 
io 15zn.25 Ni0.35CUO 25 03 0.7673 0.7111 0.3931 8.540 
In 	-Fe(ih Ino i3Fe).27 
Nio.2ZnO.2s 0.4 Nio.3Cuo.zs Ino.I5FeI3 0.7920 0.7108 0.3944 8.553 
IM.25Feo.6 
Table 5.3: Tetrahedral bond (d,), octahedral bond (dax), tetrahedral edge (dAX) 
and octahedral edge (dBXI) (shared and unshared). 
Comp. 
x 
d4.x 
(A) 
dax 
(A) dAxE Shared unshared 
0.0 1.895 2.041 3.094 2.811 2.960 
0.1 1.900 2.046 3.102 2.818 2.968 
0.2 1.905 2.052 3.110 2.826 2.976 
0.3 1.910 2.058 3.119 2.833 2.984 
0.4 1.916 2.064 3.129 2.842 2.993 
The values calculated from above mentioned expression are presented in Table 
5.3. It indicates that the dar, dBX, dAxt;, dBXEs and dBxeu increases with increase in In3' 
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substitution. This could be related to the larger radius of Ina* ions as compared to Fe31  
ions and the fact that the In" occupies preferably tetrahedral A site. 
5.2.4 Fourier Transform Infra-Red Spectroscopy Analysis 
Fourier transform infrared spectroscopy (FTIR) transmittance spectra of as-
obtained ferrite nanoparticles measured in the frequency range of 365 to 4000 cm 
are shown in Fig. 5.4. The spectrum shows absorption bands in the region 1050 to 
1350 cm"' corresponding to NO3-' ions, absorption bands corresponding to carboxyl 
group (COO-) is observed at 1400-1725cm-' and one more at 3600 cm"' 
corresponding to hydrogen bonded 0-H groups. 
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Fig. 5.4: FTIR transmittance spectra of Nio.sCuo.aZno.sFe:-X1nXO4 (0 <x < 0.4). 
The two strong bands that appear around 579 cm"1 and 398 cm'' are the 
characteristic bands of Nio.5CuQ.25Zno.25Fe2_xIn.Y04 ferrite revealing the formation of 
Ni-Cu-Zn spine! ferrite. The difference between vi and V2 is owing to the changes in 
the bond length (Fe3+-02-) at octahedral and tetrahedral sites. When the Ina+ 
substitution increases, the characteristic band (VI) shifts to the higher frequency region 
while (v2) shifts to the lower frequency region. The value of stretching vibrations at 
both sites (Table 5.4) shows that all the bands are disturbed with the incorporation of 
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Ina  ions in the Ni-Cu-Zn matrix. The tetrahedral site bands are shifted from lower to 
higher values, i.e., from 579.32 to 609 cm-'. which is attributed to the stretching of 
Fe3+-O -` bonds on the substitution of Ina` ions. The octahedral band sites on the 
contrary shift towards lower frequency region from 398 to 383 cm-' with Ina+  
addition, which is attributed to the shifting of Fe3+ towards oxygen ion on occupation 
of octahedral site by Ina+ ions. This behaviour agrees well with the intended radius of 
the tetrahedral and octahedral sites reported in Table 5.2, which suggests proper and 
consistent cation distribution. 
Table 5.4: FT-IR spectral data of tetrahedral group (vi) and octahedral group (v2) 
Nio.5Cuo.25Zno 2sFe2-1lnxO4 ferrite nanoparticles. 
Comp. x Ba 
V2 Vi 
0.0 579 398 
0.1 582 394 
0.2 590 387 
0.3 601 384 
0.4 609 383 
5.2.5 Scanning Electron Microscopy 
Fig. 5.5 (a, b and c) shows scanning electron micrographs (SEM) for x = 0.0, 
0.1 and 0.2 of Nio_sCuo.25Zno.25Fe2-xInxO4. The uniform nature of the ferrite particle is 
shown with some agglomeration. Role of ln3` ions is to increase the coalescences of 
grain and thus grain size increases. The average grain size is calculated by using the 
following equation; 
Ga 
=1.5L 
MN 
(5-8) 
Where L is the total test line length in cm; M the magnification; N is the total 
number of intercepts. As the substitution of In33+ ions increases, grain size is expected 
to increase further, because of the more increase of coalescences of different particles 
in the presence of grain size (Fig. 5.5). Almost spherical ball type structures with 
approximate grain size 80 nm in sample x = 0.0 and 92 nm in sample x = 0.2, on 
uniform background, are observed. Values of the grain size are depicted in Table 5.1, 
grain size is found to increase with increase in substitution of Ina+ ions. 
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5.2.6 Energy Dispersive X-ray Spectroscopy (EDX) 
The stoichiometry of the powder samples was investigated by EDX analysis. 
Fig. 5.6 (a-c) displays EDX of the representative samples at 20 keV. Composition of 
the elements present in the samples is given in Table 5.5. The spectrum of different 
samples indicated the presence of Ni, Cu, Zn, Fe, C, In and 0 as the major elements in 
the material premeditated with the non-attendance of any impurities. The presence of 
C atoms is due to carbon-coating for SEM measurement which was applied prior to 
EDX measurement. 
Table 5.5: The EDX analysis data of NiosCuo. Zn.25Fe2.1InXO4 ferrite nanoparticles. 
Chemical composition (EDX) 
C 	P' Wt % At% 
In Zn O Ni Zn Cu Fe In 0 
0.0 
A35 
 --- 3.55 57.14 12.37 6.89 6.69 47.08 - 26.96 
0.1 1.42 3.55 57.14 12A7 6.72 6.53 43.64 4.72 26.31 
0.2 7.94 3.55 57.14 11.78 6.56 6.37 40.36 9.22 25.68 
5.2.7 Dielectric Measurements 
Figs. 5.7 and 5.8 show the dielectric constant (s') and dielectric loss (e") as a 
function of frequency for 1n3+ doped samples. It is observed that all the samples 
exhibit dielectric dispersion, where the values of the dielectric constant and dielectric 
loss decrease with increasing frequency. The decrease in dielectric loss is more 
pronounced in comparison to dielectric constant. The dielectric constant is found to 
decrease more rapidly at low frequencies than at higher frequencies, viewing the 
generic dielectric dispersal. This behaviour is satisfactorily explained by the Maxwell-
Wagner type relaxation, habitually occurring in the heterogeneous systems [31-33], 
which is agreed with Keep's phenomenological hypothesis. It is known that when an 
electric current passes through interfaces of two different dielectric media, forasmuch 
of their diverse conductivities, surface charges pile up at the interfaces giving rise to 
interfacial polarization at the boundaries. 
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Fig. 5.5: SE Al images for the different samples: (a) x = 0.0. 
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Fig. 5.7: Variation in dielectric constant (s9 with frequency (logfl. 
These space charges line up with the applied electric field at lower 
frequencies, but as the frequency increases the dipoles cannot harmonize with the 
frequency of the applied field so their donation is diminished, charitable go up to low 
dielectric constant. In pursuance of this model, the sample consists of extremely 
conducting grains parted by insulating grain boundaries. The Koop's 
phenomenological theory postulates that the grain boundaries are effective at low 
frequencies and grains at high frequencies [33}. Thus low polarization at higher 
frequencies leads to decrease in dielectric constant. The primary losses in ferrites are 
because of hysteresis and eddy current losses at functioning frequency lower than the 
relaxation frequency of wall dislocation. The hysteresis loss depends on numerous 
parameters like magneto-striction constant, magneto-crystalline anisotropy, saturation 
magnetization as well as microstructure. 
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Fig.5.8: Variation in dielectric loss (E'2 with frequency (logfl. 
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The eddy current losses primarily depend on the electrical resistivity of the 
ferrite. So, it may be considered that the lowering of loss factor in 1n3 substituted 
compositions resulted mainly from a reduction in eddy current loss due to their higher 
electrical resistivity. In Nio.sCuo.237.no25Fe2.xIN04, the preference of Ni" ions at 
octahedral [B] site, Fe3+ ions on tetrahedral (A) site and octahedral [B] site make 
positive discrimination for the following exchange mechanism: 
Ni2+ +Fe3' -. Ni'* +Fe2. 
Thus, the conduction mechanism designed for the n-type semiconductor is 
predominantly due to the hopping of electrons between Fee to Fe3' while that for the 
p-type semiconductor is due to the transfer from Ni` to Nit' [34]. According to 
Rabkin and Novikova [35]. the process of dielectric polarization in ferrites takes place 
in the course of a mechanism similar to conduction process by electron exchange 
between Fe"—Fe 3' and Niz"HNiJ+ from which one obtains a local displacement of 
electrons in the direction of the applied field; these displacements determine the 
polarization. It is clearly evident from Fig. 5.8 that the dielectric loss is decreased 
with In" content. Fig. 5.9 shows the variation of dielectric constant as a function of 
Ina+ substitution at 42 Hz-5 MHz. This may indicate the possibility of decrease of 
hopping interaction with increasing addition of ln3t . The loss factor or the dissipation 
factor in any dielectric is represented as: tan S = E~~a') ortan S = 	I 
e'(m) 	2afe0ep 
Fig. 5.10 shows the change in (tans) as a function of frequency (Iogf) for 
different In" substitution levels. It is observed that dielectric loss tangent (tan&) 
deceases with increase in Ina+ content. When In34 is added in place of Fe3', this 
decreases the hopping between Fee' and Fe3' ions, thereby, increasing the resistance 
of the grain. The dielectric loss tangent is more at low frequency in comparison to 
high frequency zone. A maximum in dielectric loss tangent versus frequency appears 
when frequency of the hopping charge carriers coincides exactly with frequency of 
the applied alternating field. The stipulation intended for observing maxima in 
dielectric loss tangent of a material is wzl where w=27if and T is the relaxation 
time. 
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The relaxation time is related to the jumping probability per unit time P by the 
relation T = Z1-or f, ocp. The conduction in ferrites is meticulous because of the 
hopping of electron between Fe ions in different valence states +2 and +3 over the 
octahedral sites. At higher frequencies, the dielectric losses are found to be low since 
domain wall motion is inhibited and magnetization is forced to change by rotation. 
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Fig. 5.9: Variation in dielectric constant ( 2 with Ina+ content x. 
The low loss at higher frequencies identifies the potential of these ferrites for 
high frequency applications [36]. The demeanour can be verified on the fact that in 
the low-frequency belt, which corresponds to a high resistivity (due to the grain 
boundary). additional energy is expected for electron exchange between Fee  and FO 
ions; as a result, the loss is high. In the high-frequency region, which corresponds to a 
low resistivity (due to the grains), small energy is required for electron transfer 
between the two Fe ions at the octahedral site. Furthermore. the dielectric loss factor 
also depends on a number of factors, such as stoichiometry, Fee content, and 
structural homogeneity, which in turn depend upon the composition and sintering 
temperature of the samples [37, 381. 
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5.2.8 ac Conductivity 
The ac conductivity of these samples was designed from the values of 
dielectric constant and dielectric loss factor using the relation; aac = wc'tan6 , where 
a. is the ac conductivity, w is the angular frequency, c, is the permittivity of free 
space. c' is the dielectric constant and tans is the dielectric loss tangent of the 
specimens. Here, in the present study, it has been observed that the ac conductivity 
gradually increases with the increase in Ina  concentration and with the decrease in Fe 
concentration, as frequency of the applied ac field increases. Since increase in 
frequency enhances the electron hoping frequency between the charge carriers Fe3,  
and Fee , the conductivity increases. 
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Fig. 5.11: Variation of log aac (Q.m-') against log w`' (Hz) for all the samples. 
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It is contemplation that electrical conduction in ferrites results from thermal 
activation of electrons or positive holes along chains of neighbouring cations in the 
ionic lattice. Fig. 5.11 depicts the variation of log uae(Q.m)-' against log w' (Hz) for 
all the samples. It is observed composition x = OA, have the maximum value of a.. 
Following charge exchange mechanism is wished-for the nano particles of Ni-Cu-Zn 
ferrite: 
Ni2+ +Fe3+. - Ni` +Fe2+ 
The a at regular intervals decreases as the Ina+ content increases in all the 
samples. This observable fact can be explained on the basis that Ina+ ions go to the 
octahedral sites in the Ni-Cu-Zn ferrite, depleting the Fes* ion number present at the 
octahedral site. 
0.0075 n 0.0050  
rJ 
,O.0025 
C 
2 	3 	4 	5 	6 	7 
logf (Hz) 
Fig. 5.12: Variation of ac conductivity with log offrequency. 
The doping of 1n3+ ions decreases the Fe3* number results the decrease in the 
probability of carrier hoping in the following mechanism: 
Nit* + Fey' — Ni3+ + Fe'+, Fe; +Fe"' + e— 
It is so concluded that the composition x = 0.0, has the maximum number of 
Fey` and Fe3+ ions and the electron exchange between them gives the maximum value 
of ac conductivity. Fig. 5.12 shows the variation of ac conductivity with frequency. 
This variation is showing the inverse relation of conductivity to that of dielectric 
properties. 
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5.2.9 Impedance Spectra Analysis 
The detailed electrical investigations were conducted in the frequency range of 
50 Hz-5 MHz by using impedance spectroscopy. Fig. 5.13 shows the variation of real 
(resistive) part of impedance Z' with frequency at room temperature. 
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Fig. 5.13: Frequency dependent of real impedance. 
It is obvious from the Fig. 5.13 that Z' decreases regularly with increasing 
frequency. The practical behaviour is in good agreement with conductivity results, 
indicative of an increase in ac conductivity with frequency. It is well considered that 
the space charge behaviour of charge carriers depends on the frequency. In order to 
build deeper sympathetic of this space charge result and the relaxation process, the 
variation of imaginary part Z" of impedance with frequency at room temperature has 
been considered and the results are shown in Fig. 5.14. Both Z' and Z" show their 
maximum for the composition x-0.4. The decreasing value of both Z and Z" means 
increasing loss in resistive property of the samples. Such behaviour is usual owing to 
the attendance of space charge polarization in a material. 
The survival of Debye relaxation peaks in the imaginary part of complex 
impedance at low frequencies may be due to the existence of space-charge relaxation 
at low frequencies, which is linked with the charge carriers in alliance with the 
oxygen vacancies [39]. 
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5.2.10 Magnetic Properties 
Fig. 5.15 shows the magnetization as a function of magnetic field, which 
exhibit a typical `S' shape curve. The hysteresis loops of the investigated samples 
were measured to determine magnetic parameters such as the saturation magnetization 
(Ms) and magneton number (flu). The measurement results are presented in Table 5.1, 
indicating that Ms decreases with the increase of In'*  substitution. This may be 
attributed to the weakening of exchange interactions due to 1n3- ions. Moreover, the 
saturation magnetization of Ni-Cu-Zn ferrite materials is defined by their molecular 
magnetic moments. When Ina*  ions were introduced into the Ni-Cu-Zn, they replace 
some of Fe'* in A and B sites. Moreover, Ina+ ions have (Oµa) magnetic moment, less 
than Fey*  (5µe) ions. So, the introduction of 1n'* ions in Ni-Cu-Zn ferrite results in the 
dilution of the magnetization at the A and B sites, which will reduce the saturation 
magnetization. 
The magnetic moment per formula unit (no) was calculated from Neel's two 
sub-lattice model. The magnetic moment in ferrite is mainly due to the 
uncompensated electron spin of the individual ions and the spin alignments in the two 
sub-lattices, which are arranged in an antiparallel fashion [40]. In a spinel ferrite, each 
ion at the A site has 12 B site ions as nearest neighbours. According to Neel's 
molecular-field model [41], the A-B super-exchange interaction predominates the 
intra-sub-lattice A-A and B-B interactions. 
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Therefore, the net magnetic moment is given by the sum of the magnetic 
moments of the A and B sub-lattices. The magnetic moment per formula unit (nu) was 
calculated from Neel's sub-two-lattice model using the relation, 
Be cal. = MB(x)-MA(x) 	 (5-9) 
where Ma and MA are the B and A sub-lattice magnetic moments in µu. The 
nacal. (tin) values were calculated using cation distribution (Table 5.2) and ionic 
magnetic moment of Ni", Cu2-, Zn2*, In3* and Fe" with their respective values 2µe, 
Ign, 0µn, Ogg and 5µe. The observed magnetic moment (nnObs.) per formula unit in 
the Bohr magneton (µn) was calculated using a relation, 
MW x MS 
ngobs = 
5585 	 (5-10) 
It is obvious from Table 5.1 that the calculated and observed values of the 
magneton number decrease with the increase in Ina+ substitution. In the present ferrite 
system, the Fe3 of 5µe ions are replaced by Ina+ of 0µu ions, leading to a decrease in 
the B -site sub-lattice magnetization. This placement leads to a decrease of the 
magnetic moment of the A and B site, and thus the magneton number nB decreases 
with Ina* substitution. 
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5.3 	Conclusion 
In summary, it is concluded that the nano particles of pure and 1n" doped Ni-
Cu-Zn have been successfully synthesized by using auto combustion process. The 
study of thermal analysis of all the ferrites indicates the formation of spinel phase at 
240°C.The as-received results show the formation of single phase cubic spinel ferrite 
with saturation magnetization (Ms) varies from 66 to 48 emu/g. The dielectric 
constant and loss tangent (tans) decreases with the increase in frequency for all the 
samples, showing dielectric dispersion at lower frequencies. The variation of ac 
conductivity suggests that conduction is due to small polarons. Short processing time 
of gel formation, homogeneity, well-crystallized particles and small grain size are the 
main achievement of this method. The experimental results obtained are of interest for 
the research and growth of compositionally modified soft ferrites for multilayer chip 
inductor applications. 
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Chapter - 6 
Study of Structural Oiee(zctiic, and Magnetic 
Properties of Cu-Cd-%!MPs 
Nanoparticfes of Cu-Cc!-N-cFe2O, were synthesized by auto 
combustion process by using motfied citric acid and their structuraC 
dielectric and magnetic properties were investigated in this chapter. 7Ilie 
exjstence of single phase cubic spinet structure of femtes was confirmed 
by sr-ray  diffraction (XcNp) measurement. Infrared spectra reveal the 
formation of spinet femte structure by skowing the two main absorption 
bath in lower frequency region. Surface morphology and compositional 
features were studied by scanning electron microscopy (S`EW) and energy 
dispersive 1:-ray   spectroscopy (WY) measurements, respectively. The 
results indicated that the nano size of the particles greatly influencecI the 
structural, dielectric and magnetic properties of the samples. CP.qom 
temperature magnetic measurements of the samples were carried out 6y 
means of vibrating sample magnetometer (VS!i) and i7ifoss6auer 
spectroscopy which reveal that the magnetic properties are strongly 
influenced by the v? substitution. 
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6.1 	Introduction 
Nanomaterials are materials possessing one or more dimensional features 
having a length on the order of a nanometer in size. They manifest extremely 
fascinating and useful properties due to nano dimensions and which can be exploited 
for a variety of engineering technologies, nano photonics, solar energy conversion, 
opto-electronics, sensors, labeling, catalysis, and in medical applications [1,2]. 
Magnetic nanoparticles (NPs) show size and shape dependent properties for different 
technological applications such as ultrahigh density magnetic data storage, giant 
magneto resistance (GMR) sensor, magnetocaloric refrigerator, magneto electrics and 
magnetic resonance imaging (MRI) [3-5]. The volume to surface area ratio is high in 
nanomaterials efficiently enhance the physical, chemical, and magnetic properties and 
often differ from those of bulk materials. The ease way of preparing nano ferrites has 
opened a new and thrilling research field, with innovatory applications not only in the 
electronic industry but also in the field of biotechnology. Spinet type ferrite has got 
importance because of high electrical resistivity and very low dielectric losses over a 
wide range of frequency that plays a prime role in various technological and magnetic 
applications. It has been observed that the electrical resistivity of many ferrites 
changes markedly by controlling the sintering temperature and its surrounding 
atmosphere. Systematic investigation of electrical transport properties such as 
conductivity would be very useful and essential for these studies. Nickel ferrite is one 
of the most important spinel ferrites which have tunable electric as well as magnetic 
properties for various applications. The copper ferrite CuFe2O4 is also early known to 
be mixed inverse spinel (Cu Fej-,)[Cut-Fet+=]O4, depending on the method of 
preparation and cooling process. The possibility of the reduction of Cue- and Cu" in 
the process of preparation of copper-containing ferrites may be the reason for the 
anomalous behavior of these compounds, The presence of Cu p' enhances the 
appearance of p-type conductivity of these ferrites. The variation of the slopes in the a 
against VT curve leads the transition from tetragonal to the cubic phase. The vigorous 
literature investigations showed that there are only few reports available on structural, 
electrical and magnetic properties of Ni doped copper ferrite using the sot-gel auto-
combustion method. Therefore, in this chapter an attempt is made on Cuo. 
o.xGdo.2Nio.4+xFe2..sxO4 (x = 0, 0.1, 0.2, 0.3, 0.4 and 0.5) nano ferrites, synthesized 
using the sol-gel auto-combustion method. Therefore, we have decided to investigate 
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the effect of Ni" ion substitution on the structural, electrical, and magnetic properties 
of Cu-Cd-Ni nano ferrite. 
6.2 	Characterization 
The X-ray diffraction patterns were examined by using a Rigaku X-ray 
diffractometer (Rigaku Miniflex II) with CuKa radiation (wavelength X = 1.5406 A 
operated at 40 kV and 35 mA). The samples were scanned within the range 20-70' at 
a scanning speed of 2.9x 10-4 rad/s. In the present work, the surface of the pellets was 
cleaned with SiC grinding paper in order to remove contamination. Field emission 
scanning electron microscopy (FE-SEM) images were obtained using a TESCAN, 
MIRA II LMH microscope. The composition was determined by energy dispersive x-
ray spectroscopy (EDAX. Inca Oxford. attached to the FE-SEM). The studies of 
functional groups on as prepared samples were accomplished by Fourier transform 
infrared spectroscopy (FTIR) by using a Shimadzu FTIR-8400S spectrophotometer 
from 350-4000 cm", by using pressed KBr pellets. For pellets, 0.8 mg of sample and 
120 mg of KBr crystals were finely ground to avoid the scattering, and then the 
powder mixture was pressed into a pellet size apposite for the instrument. Room 
temperature magnetic measurements were carried out with the Quantum Design 
Model 6000 vibrating sample magnetometer (VSM) option for the physical property 
measurement system (PPMS) and parameters like specific saturation magnetization 
(Ms), coercive force (Hc) and remanence (Mr) were evaluated. The capacitance, 
dielectric and impedance spectroscopy measurements were carried out in the 
frequency range 42 Hz to 5 MHz using LCR HI-Tester (HIOKI 3532-50). Mi ssbauer 
spectra of samples were recorded using a Mossbauer spectrometer (Nucleonix 
Systems Pvt. Ltd.. Hyderabad, India) operated in constant acceleration mode 
(triangular wave) in transmission geometry at room temperature. The source 
employed was Co-57 in Rh matrix of strength 50 mCi. The calibration of the velocity 
scale is done by using an enriched a-57Fe metal foil. The line width (inner) of 
calibration spectra is 0.23 mm/s'. 
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63 	Results and Discussion 
The Rietveld refined X-ray diffraction patterns of the typical samples of the 
synthesized ferrite nanoparticles have been shown in Fig. 6.1. The existence of the 
(220), (311), (222), (400), (422), (511), (440) and (533) major anice planes in the 
Rietveld refined XRD patterns confirm the formation of spinel cubic structure with 
Fd3m space group. The existence of broad peaks in the XRD patterns in synthesized 
ferrite nanoparticles can be attributed to the small crystallite size. The average 
crystallite sizes (t) are calculated from the characteristics of the (311) XRD-peaks 
through the Scheyer formula and found to be in the range of — 22-27 not (Table 6.1). 
The lattice constant a' (A) for all the samples was calculated by using the prominent 
(311) XRD peak using the equation [8-101, 
(6-1) 
This value of lattice constant was further used for determination of particular 
plane (h k 1) for known angle. The calculated and observed values of inter planer 
distances (d) are in good agreement with each other. The obtained lattice parameters 
for the nanoparticles are listed in Table 6.1. It is seen that the lattice parameter 
decreased for Ni" substitution. This decrease in lattice constant can be attributed to 
the difference in ionic radii of Ni'* (0.69A), Cu'- (0.724 A) and Fe3-(0.67A) ions. The 
average ionic radii of Cue and Fe3° ions are 0.697 A. which is larger than the ionic 
radii of individual Ni" ions, this implies in the reduction of lattice constant with 
increase in Ni" ions. The non-linear variation in lattice constant indicates the 
distribution of divalent Ni" ions in the B-site. It has already been reported [l1, 12] 
that Ni" ions are present in different ionic states in the A- and B- sites. 
The X-ray density (theoretical density d) of the samples has been calculated 
according to the following equation: 
d. = 8 (g1 cm') 	 (6-2) 
where M is the molecular weight of the sample; N is the Avogadro's number, a3 is the 
volume of the unit lattice and 8 stands for the number of chemical formulas in a unit 
cell. 
The values of X-ray density, do of different compositions calculated from 
molecular weight and the volume of the unit cell for the full range of compositions 
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have been presented in Table 6.1. The variation of X-ray density with composition is 
linear and increases with increase in Nit substitution. The increase in dx is attributed 
to increase in molecular weight of the samples with increasing Ni ;`  substitution and 
the inverse relation of X-ray density with lattice constant. 
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Fig. 6.1: Rietveld refined  XRD patterns of Cuo.4.o.szC'da.Nio.4-sFe2.o s.O4 
(x = 0.4 and x =0.5) ferrite. 
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Table 6.1: Crystallite size (t), lattice constant (a), X-ray density (dr), grain size (G), 
saturation magnetization (Ms). magneton number (naobs. and nI3cal.) 
t (nm) 	27 	26 	22 	23 	24 22 
a (A) 8.401 8.395 8.389 8.38 8.374 8.363 
dx (g/cm3) 5.536 5.545 5.555 5.570 5.580 5.600 
G (nm) -- 75 72 65 61 55 
Ms (emu/g) 8.40 10.48 22.80 31.44 32.38 39.16 
nsobs. (µB) 0.37 0.46 1.01 1.39 1.43 1.73 
nacal. (1B) 3.71 3.90 4.08 4.27 4.45 4.64 
1 	 6.3.1 Scanning Electron Microscopy (SEM) 
The scanning electron microscopy (SEM) has been used to study the 
microstructures of NPs samples with different compositions (Fig. 6.2). The SEM 
images give the appearance of plates and sponge structure with a large number of 
pores and this might be due to the fact that the copper, nickel and cadmium is 
immiscible with each other. 
The average grain size is calculated by using the following equation: 
Ga= 
1.5L 
AN 
(6-3) 
where L is the total test line length in cm; M the magnification; N is the total 
number of intercept. The grain size decreases gradually with increasing composition 
(Table 6.1). 
The grains of uniform size are distributed throughout the surface for higher 
Ni" composition. At lower composition, formation of large exaggerated grains of 
non-uniform size is seen to occur. The driving force for grain growth is the surface 
tension of the grain boundary [131. Considering the distribution of grains (Fig. 6.2), it 
can be observed that assign foam, grains meet in groups of three at points and that the 
angle between the boundaries at these points is required by surface energy to he about 
1200. Because grains have various numbers of sides, it is necessary that most of the 
grain boundaries are curved. Grains having six sides can have straight boundaries and 
meet the requirement that adjacent boundaries form 120°. Grains having fewer than 
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six sides will have boundaries which are concave when observed outward from the 
center of the grain. Most of the boundaries of grain having more than six sides will be 
convex when observed outward from the center of the grain. To decrease their total 
area boundaries will move toward their centers of curvature. Thus, grains having 
more than six sides will grow larger and grains having less than six sides will grow 
smaller. These are the phenomenon of continuous grain growth [14], where the size of 
all the grains is approximately equal. These conditions for continuous grain growth 
prevail for higher Ni" substitution. At lower composition of Ni'* ions secondary 
recrystallization leads to exaggerated grain growth [151. 
6.3.2 Energy Dispersive X- ray (EDAX) Spectroscopy Analyses 
EDAX analyses were done in order to determine the chemical composition of 
the surface of the sample to support our observations on the structure of the ferrite. 
Results of EDAX analyses of typical samples are given in Fig. 6.3. It is clear that the 
iron has very high concentration as would be expected. The atomic weight percentage 
of various cations in the investigated samples are found to be approximately correct, 
which corresponds to a composition ratio and these ratios are expected by the 
preparation method. 
6.3.3 Cation Distribution 
The cation distribution in spinet ferrite can be obtained from an analysis of the 
X-ray diffraction pattern. In the present work, the Bertaut method [16] is used to 
determine the cation distribution. The cation distribution for each concentration and 
the site preferences of cations distributed among the tetrahedral A-sites and octahedral 
B-sites are presented in Table 6.2. In this Table, Fe" ions can exist at both sites 
though they have preference for the octahedral sites. Due to favourable fit of charge 
distribution, Nit* and Cue' ions showed strong preference to B-sites, considering an 
ideal case, where all cations were in their corresponding positions, whereas Cd2+ ions 
occupy tetrahedral A site. It is worth to mention here that, according to the site 
occupancy preference [17] it is well known that Ni2t and Cu *e ions prefer octahedral 
site occupation. The mean ionic radius of the A- and B- sites (rA and ro) can be 
calculated using the relations discussed in ref [18, 19]. It is observed from Table 6.2 
that, the ionic radii on B-site (TB) is less than that of A~site (TA). This may be due to 
150 
increased. ''.' r:..., t, F3- site (ru) it is decreased with the increasing Ni ' content. This 
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Fig. 63: EDAX patterns for the different samples of Cuo.4-QsxCdo.2NiQ.4 Fe2_o.s.04 (x 
= 0.1, 0.2. 0.3, 0.4, 0.5) ferrite NPs. 
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Table 6.2: Cation distribution. site ionic radii (rA and rB). oxygen positional 
parameters (u) and theoretical lattice constant (am). 
A-site 	 B-site r.. 	rB 
0.0 	(Nioo5Cdo.2Fe075) [Nio.3sCuo.4Fei 2s] 0.7310 0.6843 0.3893 	8.5035 
0.1 (Nio iCdo2Feo7) [Nio.4Cuo35Fel 25] 0.7320 0.6835 0.3893 8.5027 
0.2 (Nio 1sCdo:Fe065) [Nio4sCuo3Feti 25] 0.7330 0.6826 0.3894 8.5020 
0.3 (Nio 2Cdo 2Feo 6) [Nio sCuo 2sFe> 25] 0.7340 0.6818 0.3895 8.5013 
0.4 (Nio 2sCdo 2Feo ss) [Nio.55Cuo 2Fei 25] 0.7350 0.6809 0.3896 8.5006 
0.5 	(Nio 3Cdo 2Feo s) [Nio 6Cuo tsFet 2s] 0.7360 0.6801 0.3897 8.4998 
Table 6.3: Tetrahedral bond (dAx), octahedral bond (dBx). tetra edge (dAxE;) and 
octahedral edge (dBXT) (shared and unshared) 
d:~xE: Shared 	i unshared 
0.0 	1.906 	2.053 	3.112 2.827 2.978 
0.1 1.905 2.052 3.110 2.825 2.976 
0.2 1.903 2.050 3.108 2.823 2.974 
0.3 1.901 2.048 3.105 2.820 2.970 
0.4 1.900 2.047 3.102 2.818 2.968 
0.5 1.897 2.044 3.098 2.814 2.964 
The theoretical lattice parameter (apt,) was calculated using the relation [20]. 
3
8
3 k +rr ]+'j31r8 +r~,] 
	
(6-4) 
where r is the radius of the oxygen ion (0.138 nm), and rA and rn are the ionic 
radii of tetrahedral (A) and octahedral [B] sites. respectively. 
The values of theoretical lattice parameter am are shown in Table 6.2. The 
variation of theoretical values is similar to that observed for the experimentally 
determined lattice parameter. Using the values of "atn'. the radius of oxygen ion Ro= 
1.32 A and 'rA' in the following expression, the oxygen positional parameter `u' can 
be calculated [21]. 
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u ={(rq +Ro) 1 +11 	 (6-5) 
3a 4 
The oxygen parameter 'u is a quantitative measure of the displacement of an 
oxygen ion due to substitution of a metal cation into the tetrahedral (A) site. The 
increase of 'u' is a direct consequence of increasing the trigonal distortion of the B-
site oxygen coordination (Table 6.2). Increasing the substitution of the Ni' ions into 
the A-sub-lattice at the cost of Fe3+ ions of A site which makes rA expand to 
accommodate these ions. This expansion of TA creates oxygen vacancies in the A-
sites, which increases the trigonal distortion of the B-site oxygen coordination. This is 
reflected in the obtained high values of oxygen positional parameter. 
The bond lengths of tetrahedral (A) site 'dm' (shortest distance between A-site 
cation and oxygen ion) and octahedral [B] site 'de.' (shortest distance between B-site 
cation and oxygen ion), tetrahedral edge 'd,txf. shared octahedral edge 'daxE and 
unshared octahedral edge 'dnxeu' can be calculated by putting the experimental values 
of lattice parameter 'a' and oxygen positional parameter 'u of each sample in the 
following equations [22]. 
d=af ku— 4J ,ix 
	
	 (6-6) 
z 
dBx =a{3u= —I
( 
g)u+J] 	 (6-7) l 111 
d,~ =af l 2u — 2 	 (6-8) 
d8uw,,d=aji(1-2u) 	 (6-9) 
dBE,<a =a 4u2 — 3u+ 16 	 (6-10) 
The values calculated from above mentioned expression are presented in Table 
6.3. It is find that the values of d,ts, dax, dAace, duxEu and d, xi decreases with an 
increase in Nit' substitution. This could be related to the ionic radius o1 Ni ions as 
compared to Cu" and Fe3' ions and the fact that the Nit ' occupies preferably 
octahedral B-site as compared to that of tetrahedral A-site. 
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6.3.4 Infrared Spectra 
Infrared absorption spectra of the Cuo.4-o.sCdo.2Nio.4-xFe2.o.sxO4 ferrite NPs 
samples are presented in Fig. 6.4 in the frequency range of 400-600 cm's . The two 
absorption bands (vI, v2) are observed, which are corresponds to 560-581 cm's and 
407-462 cm'', respectively. These bands are important characteristics peaks of spinel 
ferrites [231. The higher frequency absorption band (vi) is caused by scratching 
vibrations of the tetrahedral metal-oxygen bond and lower frequency absorption band 
(v2) is caused by metal-oxygen vibrations in octahedral sites. The band positions of vi 
and v2 for all samples under investigation are given in Table 6.4. It is found that the 
change in band position is because of the difference in the Fe3+-O2" distances for the 
tetrahedral and octahedral complexes [241. 
The spectrum shows that, small shift occurs in band position vi and v2 with 
increasing Nit  substitution. The absorption band V2 shifts to lower frequency side 
except for x = 0.4. This shift to lower frequency side with increase in Nit substitution 
is attributed to increase in bond length on B-site. This suggests that, the Nil ion 
occupies both tetrahedral and octahedral site. It is also observed that broadening is 
commonly observed for normal spinel ferrite and attributed to statistical distribution 
of Fe'' ion at A and B sites. 
Table 6.4: FTTR spectral data of Cuo a1) c.,Cdo NNio 4+.YFe2o c O4 ferrite NPs. 
Tetrahedral 	group (A) 	Octahedral 	group (B) 
vt 
	
V2 
0.0 	 581 411 
0.1 580 414 
0.2 579 412 
0.3 576 409 
0.4 577 415 
0.5 560 409 
The FTIR spectrum shows absorption bands in the region 1000 to 1500 cm-1  
corresponding to ,Vo ions, an absorption band corresponding to carboxyl group 
(COO-) is observed at 1625 cm-1 and few more at 3400 to 3900 cm"' corresponding to 
155 
hydrogen bonded 0-H groups. Owing to the high temperature generated during 
combustion process all the carboxyl, hydroxyl and nitrate groups appear with less 
intensity. 
63.5 Magnetic Properties 
Magnetic hysteresis loops are employed to describe the properties of magnetic 
materials. Fig. 6.5 illustrates a typical hysteresis loop, in which the magnetization of 
the material, M, is measured relative to the applied field, H. When a sufficiently large 
field is applied, the majority of spins within the material align with the field direction. 
The magnetization in these cases is described as the saturation magnetization (Ms). As 
the field is reduced, the spins in the material no longer align perfectly with the field, 
and some spins remain aligned at zero field. The observed behaviour of Ms can be 
correlated with the magnetic moment. The observed magnetic moment (µe) is 
determined from the saturation magnetization data using the formula, 
naoba=` WxMs 
5585 (6.11) 
where MW is the molecular weight of the sample and Ms is the saturation 
magnetization in emu/g. The magnetic moment per formula unit (nu)  was calculated 
from Neel's two sub-lattice model using the relation, 
na cal. — Mn(x)-MA(x) 	 (6-12) 
where, Mn and MA are the B and A sub-lattice magnetic moments in µa. The 
obtained values of the observed magnetic moment (nobs.) and the theoretical Neel's 
magnetic moment (necal.) are reported in Table 6.1. 
Since Cdz  ions are non-magnetic, the contribution to the magnetization will 
be mainly due to Ni'*, Cu -e and Fe3+ ions having magnetic moments of 2.3, 1.3 and 
SpB, respectively [251. Accordingly, the net magnetization will expect to decrease 
with increasing x, as the magnetic moment of Nit ion is less than that of average 
magnetic moment of Cu" and Fe3+ ions. However, the obtained results are slightly 
different than that of theoretical values. It is observed that both the magnetic moments 
increase with increase in Nit substitution. The increase in magnetic moment is 
associated with the distribution of cations and magnetic moment of individual ions. 
The increase in nobs is attributed to the fact that saturation magnetization is 
increases with the increase in Nit substitution. 
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Tetrahedral - (Fe3 -02 ) 
I 
(0-H) - (-0NO2) 
Octahedral - (Fe3 -02 ) 
(-COOH)-(OH)-(-0NO2) 
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Fig. 6.4: IR transmittance spectra of all the samples of Cuo.4.o.5xCda.2Nio.4 ..XFe2.05.x04 
(x = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5) ferrite NPs. 
The calculated magnetic moment (nbcal.) is also increases with Nit+  
substitution. It is observed from the cation distribution data (Table 6.2) that the Nit 
ions are distributed over both the A and B sites. It is noticed from Table 6.2 that Nit+  
preferable occupy the B site and replaces Cu-" ions from B site, whereas the 
percentage of Fe;  ions are remain constant at B site, this results into increase in B 
sub-lattice magnetization (MB). At the same time, some Nit ions also occupies 
tetrahedral A-site and replaces Fe31 ions which results in the decrease in A sub-lattice 
magnetization (MA). It is evident from eq. 6.13 that the net magnetization and nacal is 
the difference between the magnetization of A (MA) and B (MR) sub-lattices, 
therefore, the nBcal. is increases with increase in Nit substitution. 
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Fig. 6.5: Magneti_ation plots of Cun 4.()5x( do._.\'io.r-1Fe,.a 5,04 (x = 0.0, 0. 1, 
0.2, 0.3, 0.4, 0.5) ferrite NPs. 
6.3.6 ZFC/FC 
Zero field-cooled (ZFC) and field-cooled (FC) magnetization measurements 
have been carried out in order to observe the influence of nickel (Ni2+) ion 
substitution on the ferrimagnetic transition temperature. Fig. 6.6 shows the ZFC and 
FC dc magnetization as a function of temperature for Cuo.4-o.sXCdo.2Nio.4+XFe2-o.5,O4 
(0.0 < x < 0.5) ferrite samples. 
In ZFC mode, the sample has been cooled in zero field mode from 325 to 50 K 
and the magnetization was measured in the presence of a low magnetic field ( H = 
I 0000e) for the duration of warming up the cycle. In FC mode, the same field was 
applied while cooling the sample from 325 to 50 K and the magnetization 
measurements were performed during the warming up cycle. It is observed that the 
magnetization decreases with increase in the temperature; an enhanced thermal energy 
at higher temperature (as compared to magnetic exchange energy) is responsible for 
this observed magnetization behaviour. The reason behind the bifurcation of ZFC & 
FC curves may be due to the competition between thermal energy and magnetic 
exchange energy causing disorder of spins in ZFC which results less magnetic 
moment than that of FC, where additional external magnetic field suppresses the 
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thermal energy. From the ZFC and FC dc magnetization curve, it can be clearly seen 
that doping of Ni ions, all the samples exhibit ferrimagnetic ordering at room 
temperature. 
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Fig. 6.6: Zero field cooled (ZFC) and field-cooled (FC) magnetization measurements 
of Cuo.a.a s. Cdo 2Nio.4- XFeJ_o.51O4 ferrite NPs (a) x = 0.0, (b) x = 0.2, (c) x = 0.4. 
6.3.7 Mossbauer Analysis 
Fig. 6.7 shows room temperature Mossbauer patterns for all samples of sol-
gel made Cuo.4.o.sxCdo.2Nio.4+XFe2.o.5XO4 (0.0 <_ x < 0.5) NPs. Mossbauer spectra were 
fitted by a least square fit programme assuming Lorentzian line shapes where the 
open circles are the experimental data and the black solid lines are the fitted data. The 
component spectra are shown by coloured solid lines. From analysis it is obvious that 
all samples show well resolved and magnetically normal Zeeman split sextets 
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attributed to the presence of iron ions at both tetrahedral (A-sites) and octahedral (B-
sites) sites which confirms that the synthesized materials have ferrimagnetic nature 
with mixed spinel structure. The Mossbauer spectra were fitted with four sextets and 
one doublet. One sextet shows the tetrahedral (Fe A-site), the second the octahedral 
(Fe B-site), the third one sextet depictures in routine (with different weight): surface 
effects, size distribution influence on hyperfine field and impurity effects. 
The formation of the doublet in the Mossbauer spectra implies that some of 
the displaced iron is going to a site having lower than cubic symmetry. Also, the 
plausibility of the paramagnetic doublet clearly indicates that A—B super-exchange 
decreases due to dilution of the sub-lattice by Ni ions. 
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Fig. 6.7: MOssbauer spectra of Cuo.4 0.sxCdo.2Nio.4•XFe2.o.5 O4ferrite nanoparticles, 
(a)x=0.0, (h)x=0.1, (c) =0.2, (d)x=0.3, (e)x=0.4and(nx=0.5. 
The hyperfine field values (Hn0 for each sub spectrum, isomer shift (d), for the 
assignment of the sextets corresponding to (A) and [B] sites, quadrupole splitting (d), 
line width (F) and relative areas (RA) in percentage of tetrahedral and octahedral sites 
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of Fe3' ions for Cuo 4-0.5 Cdo 2Nio.4+ Fe2-o 5XO4 (0.0 < z < 0.5) calculated from the fitting 
of the spectra are tabulated in Table 6.5. The IS sequels by electrostatic interaction 
between the charge distribution of the nucleus and those electrons that have a 
confined possibility of being found in the region of the nucleus. Only s-electron wave 
functions have a finite value inside the nucleus and these electrons are, therefore, 
responsible for this interaction. It is shown from Table 6.5 that the values of isomer 
shifts change very little, which shows that the s-electron charge distribution of Fe3+ 
ion at tetrahedral A-sites is negligibly affected by nickel. The analysis of the 
Mbssbauer spectra indicates a decrease in hyperfine magnetic field at A and B sites on 
increasing the doping of Ni ions. The isomer shift values calculated from the fitting of 
the Mossbauer spectra distinctly signalize that the resolved sextets in studied samples 
are due to Fe3' ions only. 
Table 6.5: The hyperfine Field values (Hh ), isomer shift (d-), quadrupole splitting (d), 
linewidth (!) and relative areas (RA) in percentage of tetrahedral and octahedral sites 
of Fe3 ions for Cu-Cd-Ni ferrites derived from Mossbauer spectra recorded at room 
temperature. Isomer shift values are relative to Fe metal foil (S = 0.00 mm/s). 
(x) Iron Hyperfine Quadrupole Isomer shift, Outer line Area 
Sites field, (HhJ) splitting, (t) (6) mm/s width, (IT) (R.~) % 
T mm/s mm/s 
0.0 Sextet A 51.63 ±0.01 -0.221 ±0.002 0.373 ±0.001 0.282 ±0.012 57.7 
Sextet B 32.65 ± 1.46 0.161 ±0.141 0.481 ±0.073 0.841 ±0.125 38.0 
Doublet ---- 0.784 ±0.026 0.360 ±0.011 0.487 ±0.039 4.3 
0.1 Sextet A 51.61 ±0.01 -0.222 ±0.001 0.372 ±0.001 0.253 ±0.005 32.9 
Sextet B 40.93 ±0.51 -0.075 ±0.032 0.369 ±0.019 0.974 ±0.075 31.8 
Sextet Bi 45.33 ±0.16 0.082 ±0.035 0.487 ±0.024 0.269 ±0.052 6.6 
Sextet B2 44.79 ±0.07 -0.017 ±0.013 0.218 ±0.012 0.340 ±0.036 19.1 
Sextet B3 23.21 ±0.22 -0.048 ±0.129 0.369 ±0.059 1.181 ±0.287 9.6 
0.2 Sextet A 51.57 ±0.03 -0.210 ±0.005 0.371 ±0.004 0.252 ±0.023 11.7 
Sextet B 40.28 ±0.50 -0.299 ±0.083 0.407 ±0.045 1.103 ±0.127 26.3 
Sextet B, 45.86 ±0.09 0.064 ±0.028 0.415 ±0.030 0.389 ±0.042 31.5 
Sextet B2 45.77 ±0.09 -0.075 ±0.021 0.133 ±0.021 0.285 ±0.046 17.4 
Sextet B3 22.82 ±0.29 0.262 ±0.079 0.178 ±0.045 0.936 ±0.234 13.1 
0.3 Sextet A 51.59 ±0.05 0.238 ±0.010 0.369 ±0.005 0.207 ±0.035 7.4 
Sextet B 41.83 ±0.54 -0.033 ±0.027 0.330 ±0.017 1.114 ±0.283 31.3 
Sextet B1 46.47 ±0.13 0.075 ±0.027 0.398 ±0.029 0.372 ±0.057 26.2 
Sextet B2 46.30 ±0.10 -0.088 ±0.024 0.145 ±0.023 0.319 ±0.057 15.3 
Sextet B3 34.19 ±2.46 -0.082 ±0.108 0.488 ±0.092 0.888 ±0.184 19.8 
0.4 Sextet A 51.41 ±0.06 -0.175 ±0.030 0.375 ±0.008 0.248 ±0.088 	3.9 
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Sextet B 43.14 ±0.40 -0.014 ±0.020 0.327 ±0.011 	0.779 ±0.126 	43.6 
Sextet B, 47.42 ±0.17 0.092 ±0.021 0.497 ±0.018 0.249 ±0.051 9.6 
Sextet B2 46.87 ±0.08 -0.010 ±0.009 0.233 ±0.009 0.355 ±0.031 31.8 
Sextet B3 37.05 ±2.82 -0.017 ±0.101 0.403 ±0.068 1.030 ±0.246 20.1 
0.5 	Sextet A 49.65 ±0.07 0.075 ±0.011 0.422 ±0.009 0.251 ±0.034 5.1 
Sextet B 42.11 ±0.24 -0.018 ±0.011 0.320 ±0.005 0.834 ±0.072 36.0 
Sextet B1 46.49 ±0.08 0.134 ±0.015 0.460 ±0.017 0.325 ±0.045 10.0 
Sextet B2 46.46 ±0.05 -0.027 ±0.011 0.214 ±0.013 0.396 ±0.025 26.3 
Sextet B3 34.58 ±1.11 -0.020 ±0.051 0.427 ±0.033 1.105 ±0.109 22.6 
6.3.8 Temperature Dependent Dielectric Properties 
Dielectric constant (c') and tangent loss (tans) studies were carried out using 
an ac impedance analyzer. Figs. 6.8 and 6.9 show variation of dielectric constant and 
dielectric-loss tangent with temperature of the prepared ferrite at 100 Hz. 
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Fig. 6.8: Variation of dielectric constant (s% with temperature for samples of as 
prepared Cuo_4-o.5XCdo.2.N'iO.4-xFe2ojx04 (x = 0.0, 0. 1, 0.2, 0.3, 0.4) ferrite NPs. 
The value of both dielectric constant and tangent loss increases regularly with 
increase in the temperature up to 700 K. After that it shows almost constant behaviour 
throughout the temperature range. The temperature dependence of the dielectric 
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constant and dielectric-loss tangent could be explained by the tunnelling effect [26]. 
As temperature increases, the electrical conductivity increases due to the thermal 
activity and mobility of the electrical charge carriers due to the hopping or tunnelling 
mechanism. That is why, the dielectric constant and loss tangent value decreases with 
the variation of temperature. 
In the present studied samples, it is supposed that the conduction process 
occurs as a consequence of electronic exchange between Fee  and Fe3 ions and hole 
exchange between Nit and Ni3- at the octahedral sites. The presence of Ni at the 
octahedral sites may also cause conduction according to the following exchange 
reaction: 
+ Fe'' ' 	+ Fe 2 
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Fig. 6.9: ti ariation of dielectric loss tangent ((and) with temperature for all samples 
of as prepared Cuo.4-o.s.Cdo.2Nio.4-1Fe -o.sXO4 (x = 0.0, 0.1, 0.2, 0.3, 0.4) 
ferrite NPs. 
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64 	Conclusion 
In conclusion, studies of Ni doping distribution in nanocrystalline Cuo4-
o.s1Cdo2Nio4~FFe2.o5~04 (0.0 5 x <_ 0.5) were synthesized successfully. Lattice 
constant, particle size, grain size are decreased with increase in Nit+ substitution. 
Cation distribution data shows that Ni and Cu show preference towards octahedral B 
site, whereas Cd ions occupy tetrahedral site only. With the increase of Nit+ 
concentration, the octa-to-tetrahedral site length values changes and the oxygen 
positional parameters increase and these are discussed in terms of the ionic radii of 
cations. IR absorption spectra show two fundamental bands vi and vz in the frequency 
range 600-400 cm"', respectively, which correspond to tetrahedral and octahedral 
metal complexes, respectively. The bands vj and V2 is found to shift slightly towards 
lower frequency side, which can be attributed to the decrease in lattice parameter and 
bond lengths. Saturation magnetization and magneton number remarkably increases 
with increase in Nit substitution. At low frequencies due to the heterogeneous 
structure of nano ferrites, Maxwell Wagner type space charge polarization has been 
observed. The increase in s' and tans with temperature has been accepted as another 
indicative for space charge polarization. The dielectric constant decreases and 
resistivity increases with enhancing the Ni concentration because Nit' ion substitutes 
for Cu" and Fe'* ions leading to decrease of the hopping rate of electrons between 
Fey' and Fe'' which caused the change in dielectric properties. 
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Chapter - 7 
Summary and Future Scope 
7{(is chapter presents the summary of the work carried out in this 
thesis antfuture scope of the present work 
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7.1 Summary 
Substitution of various metal ions in spinet ferrites has brought various 
changes in their structural, electrical and magnetic properties. By means of this 
inspiration, in the present thesis we have doped Ni' ion in the nano matrix of 
Coo sFe2.:Nio s+e.o104 ferrite, Cr '+ in nano matrix of NiosMgosFe2.,CrM4 ferrite and 
Ina+ in the nano matrices of Nio.sCou.2sZno.25Fe2-xlkO4 in order to observe the changes 
induced in their stnictural. electrical, dielectric and magnetic properties. We have 
also reported Cu-Cd-Ni-Fe204 NPs through chemical route and have studied their 
structural, dielectric, and magnetic properties. 
Considering all the above mentioned methodology, the present work aims: 
1. 	Incorporation of divalent magnetic (Ni") ion in CoosFez-Nips+i o~Oi ferrite 
nanoparticles, for the consideration of the changes obtained in structural, 
micro-structural, de resistivity, dielectric and magnetic (i.e. various magnetic 
exchsange interactions) properties due to the substitution of divalent Ni and 
due to size effects. 
II. 	Substitution of nonmagnetic trivalent (Cr") ion in NiasMgo.5Fe2.,Cr104 for the 
determination of the modification induced in structural, micro-structural, 
electrical, and magnetic properties of as synthesized ferrite nanoparticles. 
11I. 	Nano matrices of Nio 5CuozsZnnz5Fe2. ln.O4 characterized by means of various 
techniques for the study of changes induced in their structural, electrical, 
dielectric and magnetic properties, 
IV. 	Nanoparticles (NPs) of Cu-Cd-Ni-Fe204 were also generated by auto 
combustion route by using citric acid and their structural, dielectric and 
magnetic properties have been discussed briefly. 
7.2 	Effect of Doping 
7.2.1 Effect of N12+ Doping in Coo3Fez.~Nios.1.orO4 Ferrite 
Nano Ferrite Samples of Coo.5Fez-xNio.s.I.aA4 (0.0 5 x < 0.4) have been 
synthesized by sot-gel auto combustion methodology. The effect of Nit doping on 
structural, electrical, dielectric and magnetic properties have been considered by using 
various techniques such X-ray diffraction (XRD), Scanning Electron Microscopy 
(SEM), Energy Dispersive X-ray Spectroscopy (EDX), Vibrating sample 
168 
magnetometer (VSM), Fourier Transform Infrared spectroscopy (FTIR), Frequency 
dependent dielectric and impedance spectroscopy and MSssbauer spectroscopy 
techniques. 
A resume of main findings drawn from the present work can be 
summarized in following points 
I. The XRD analysis of Coo.sFe2_.Nios+1.tn04 assured the formation of single- 
phase cubic spinel structure with Fd3m space group without the presence of 
any impurity phase, having an average crystallite size between 43 to 22 nm. 
The lattice constant of Ni substituted Co ferrite phase gradually increases with 
increasing Ni" content. 
II. The real and imaginary part of dielectric constant and loss tangent show 
normal behavior with respect to frequency at room temperature. The 
dispersion obtained in dielectric properties has been explained in the light of 
space charge polarization discussed by Koop's and Maxwell-Wagner model. 
III. The surface morphological analysis reveals the uniform nature of as fabricated 
ferrite particle with fine grain growth in the samples with agglomeration. The 
energy dispersive X ray analysis (EDAX) results provide applicable 
information for the homogenous mixing of the Co, Fe, and Ni atoms. 
IV. Fourier transform infrared spectra indicate two main vibrational bands at vi 
(584-610 em') and vi (412-422 cm'), assigned to the tetrahedral and 
octahedral sites. 
V. dc resistivity decreasing with increasing temperature, revealing the 
semiconducting nature of the ferrite samples. This decrease trend is attributed 
to the Verwey hopping mechanism. This confirms the formation of ferrite, as 
ferrites have semiconducting nature. 
VI. Impedance spectra show a single semi-circle for all the samples which reveal 
that polycrystalline ferrites are composed of well conducting grains and poorly 
conducting grain boundaries. 
VII. A decrease in saturation magnetization is also obtained with Ni substitution 
which is explained on the basis of Neel's two sub-lattices model. Since the 
grain size is observed to decrease by Ni substitution. This may also be the 
reason for the drop of saturation magnetization (M,) in this composition. 
iT£ 
0"..7 	04 ............... ~'e p., r 
VIII. The room temperature Mbssbauer spectra as recorded could be interpreted as 
the superposition of two sextets, one from the tetrahedral sites and the other 
from the octahedral sites. 
7.2.2 Effect of Cr 3` Doping on NbwMgo.Fez-.,Cr,OaFerrites 
Nanocrystals of Nio.sMgo.sFe2.,,Cr1O4 have been investigated by citrate-gel 
method with a view to examine the influence of the substitution of Cr" ion on the 
structural, electrical and magnetic properties of the Nio.sMgosFei..,Cr,Oa ferrite 
system. The influence of Cr doping on Nio 5Mgo.5Fc2--O4 has been studied by using x-
ray diffraction (XRD), scanning electron microscopy (SEM), energy dispersive x-ray 
(EDX), vibrating sample magnetometer (VSM), Fourier transformation infrared 
spectroscopy (FTIR), frequency dependent dielectric and impedance spectroscopy and 
M6ssbauer spectroscopy measurements. 
A resume of main findings drawn from the present work can be 
summarized in following paints 
1. 
	
	The XRD analysis of NiosMgo.sFe2.1Cr1O4 for all the samples reveals that they 
have single phase cubic spine) structure and no detrimental intermediate phase 
is observed with an average crystallite size between 30 to 35 nm. Lattice 
parameter, crystallite size and density are observed to decrease with Cr 
doping, which is explained on the basis of ionic radii and density of Cr" ion. 
U. 	Typical FE-SEM micrographs of the Cr" substituted Ni-Mg ferrites show that 
the grains were of cubic-shaped platelets. The elemental analysis as obtained 
from EDAX is in close agreement with the starting composition used for the 
synthesis. SEM images of powder as well as sintered pellets were taken for the 
morphological features. Investigation on these images confirms that SEM 
images of the sintered pellets sample show dense structure as compared to that 
of powder sample of Ni0 5Mgo,5Fe2mr,04 ferrite nanocrystals. The shape, size 
and morphology of the particles were obtained by direct surveillance by means 
of transmission electron microscopy. Selected area electron diffraction 
(SAED) pattern indicates the polycrystalline nature of as prepared sample. 
Atomic force microscopy (AFM) measurement confirms the homogeneous 
and well defined surface morphology of the synthesized samples. 
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M. 	The FTIR spectroscopy observations show presence of two vibrational bands 
corresponding to tetrahedral and octahedral sites confirming the formation of 
Ni-Mg-Cr spinet ferrite. The tetrahedral and octahedral band sites are found to 
shift with Cr doping, which is attributed to the stretching vibrations of Fe}' -
02- bonds. 
IV. The ac conductivity shows an increasing trend with increase in frequency for 
all the studied samples. It shows a gradual rise at low frequency region 
whereas at higher frequencies the conductivity rises rapidly. It has very low 
value as accepted. The low values of conductivity at room temperature pointed 
out that the considered compositions are good candidate for the microwave 
applications. Hoping frequency between Fe' — Fe'" and Ni" —Ni" through 
electrons at octahedral site are responsible for conduction mechanism. 
V. Magnetic analysis reveals that the samples are in ferrimagnetic ordering. 
Saturation magnetization (Ms), coercivity (Hc) and remanence (Mr) all 
showed decreasing trend with increasing Cr3' concentration. The decrease in 
magnetization is attributed to the weakening in A-B interaction. 
VI. Room temperature MOssbauer spectra show two sextets. The existence of six 
finger pattern in the spectra of all the samples infers that the samples are 
magnetically ordered. 
VII. The dielectric constant (real and imaginary part) and loss tangent all exhibit 
dielectric dispersion with respect to frequency at room temperature. This 
dispersion in the dielectric parameters has been explained on the basis of 
interfacial space charge polarization in accordance with Maxwell-Wagner two 
layer model and Koop's phenomenological theory which is due to the 
inhomogeneous structure of ferrite material. 
VIII. Impedance spectroscopy technique has been used to study the effect of grain 
and grain boundary on the electrical properties of Nio.5Mgo.sFe2. Cr,O4 ferrite 
samples. The analysis of data shows all the samples have single semicircle, 
suggesting that a predominant conduction takes place through grain boundary 
volume only and the contribution of grain does not takes place. 
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7.2.3 Effect of Ina` Doping on Nie5Cus.riZno.2sF¢z.flnxOtFerrites 
NioeCuw,25Zoo.25Fe2-J%04 have been designed by modified citrate to nitrate 
method and characterized by means of x-ray diffraction (XRD), thereto gravimetric 
(TO) and differential thermal analysis (DTA), scanning electron microscopy (SEM), 
energy dispersive x-ray (EDX), vibrating sample magnetometer (VSM), Fourier 
transform infrared spectroscopy (FTIR), Frequency dependent dielectric and 
impedance spectroscopy techniques. 
A resume of main findings drawn from the present work can be 
summarized in following points 
I. 
	
	Thermal analysis (DTA-TGA) of the precursor citrate combusted powder 
confirms the formation of spinel phase structure at 240°C of as synthesized Ni-
Cu-Zn ferrite nanoparticles. 
11. 	X-ray diffraction pattern compared with (JCPDS No. 48-0489), indicated that 
all the samples are in single phase without having any unwanted phase with an 
average crystallite size between 25-34 net. The lattice parameter values 
increased with increasing Ina+ concentration. 
DI. 	Cation distribution obtained by X-ray analysis, demonstrate that Nit and In;' 
ions shows their preference towards octahedral B and tetrahedral A-site, 
respectively. 
IV. FTIR analysis confirms the two strong bands around 579 cm-1 and 398 cm  .t 
revealing the formation of Ni-Cu-Zn ferrite, 
V. Scanning electron micrographs (SEM) confirm the uniform nature of the 
ferrite particle with some agglomeration. In;' ions increase the coalescences of 
grain and thus grain size increases. EDX spectrum of the different samples 
indicated the presence of Ni, Cu, Zn, Fe, C, In and 0 as the major elements in 
the material premeditated with the non-attendance of any impurities. 
VI. The dielectric constant and loss tangent (tans) found to decrease with increase 
in frequency for all the samples, showing dielectric dispersion at lower 
frequencies. The variation of ac conductivity with frequency suggests that 
conduction is due to small polarons. 
VII. AC conductivity gradually increases with the increase in Ina+ concentration 
and with the decrease in Fe concentration since increase in frequency 
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enhances the electron hoping frequency between the charge carriers Fe" and 
Fe"', the conductivity increases. 
Viii. Both real (resistive) part of impedance Z and imaginary (reactive) part of 
impedance Z" decreases with frequency at room temperature. The decreasing 
value of both Z' and Z" means increasing loss in resistive property of the 
samples. Such behavior is usual owing to the attendance of space charge 
polarization in a material. 
7.2.4 Effect of Niz` Doping on Cuo.4-osxCdDzNio.a.,Fe2-os,04 Ferrites 
This research reports the study of Cu-Cd-Ni-Fe204 ferrite nanoparticles. Sol-
gel auto combustion method was used to synthesize the samples. X-ray diffraction 
(XRD), scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy 
(EDX), infrared spectroscopy (IR), vibrating sample magnetometer (VSM), field 
cooled and zero field cooled (FC/ZFC) and Msssbauer spectroscopy techniques were 
used to make characterizations of properties. The structural, electrical and magnetic 
properties with a significant focus on Cuo4-ns.,Cdo.2Nio.4.=Fe1-0,5,04 ferrites was 
successfully performed in this chapter. 
A resume of main findings drawn from the present work can he 
summarized in following points 
I. 
	
	X-ray diffraction measurements sure the confirmation of single phase cubic 
spinel structure with average crystallite sizes (t) in the range of— 22 - 27 am. 
11. 	Cation distribution analysis reveals that Ni and Cu give preference towards 
octahedral B site while Cd ions to tetrahedral site. With the increase of Ni'* 
doping content the octa-to-tetrahedral site length values changes and the 
oxygen positional parameters increase. 
III. The SEM images gives the appearance of plates and sponge structure with a 
large number of pores and this might be due to the fact that the copper, nickel 
and cadmium is immiscible with each other. 
IV. Results of EDAX analysis reveal that iron has very high concentration as 
expected. The atomic weight percentages of various cations in the investigated 
samples are found to be approximately correct, which corresponds to a 
composition ratio and these ratios are expected by the preparation method. 
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V. The values of d, du., d vit, dakeo and dnxE decrease with an increase in Nit' 
substitution. This could be related to the ionic radius of Ni` ions as compared 
to Cue and Fe3  ions and the fact that the Nit occupies preferably octahedral 
B-site as compared to that of tetrahedral A-site. 
VI. FTIR investigation reveals the high and low frequency absorption band (vi, v2) 
in frequency range of 560-581 cm' and 407-462 cm' and these bands are 
common characteristics of spine! Lathes. 
VII. Dielectric constant and loss tangent increases with increase in temperature. 
The increase in e' and tans with temperature has been accepted as another 
indicative for space charge polarization. 
7.3 	Future Scope 
In the realm of magnetism and magnetic materials, ferrites and derivatives of 
ferrites carry on to occupy a prominent position. Colossal investigations have been 
carried out by many researchers like Smit, Wijn, Snoek, and others to set up the 
foundation for ferrites. Ever since the propounding of the theory of super exchange 
interaction, ferrites have been a promising aspirant for studying fetrimagnetism and 
other connected phenomenan. The formulation of Neel's two sub-lattice theory made 
it easier for engineers, chemists and physicists alike to synthesize various 
combinations of ferrite and to tailor the properties to use it for numerous applications. 
This helped to develop many devices based on ferrites for various applications 
ranging from rudimentary devices like permanent magnets/magnetic separators to the 
present day sophisticated gadgets like spin valve transistors. Devices based on ferrites 
out smarted various other devices based on iron and permalloy. This was possible 
because of the high resistivity and low eddy current losses exhibited by ferrite 
materials aided by high permeability and excellent high frequency characteristics. 
Many factors like the cationic charge, size, the lattice energy, and cation distribution 
determine the overall properties of these materials. Various phenomena like spin 
polarised tunnelling, quantum magnetisation, super paramagnetism and, single 
domain characteristics have become common and day to day jargons. These 
phenomena gave rise to new theories and speculations in the area of condensed matter 
physics and gave birth to a new area called soft condensed matter physics. One of the 
important manifestations of these phenomena is the finite size effects on various 
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properties of magnetic materials. Delving in depth into the finite size effect on the 
electrical and magnetic properties of spinel ferrites may provide answers to various 
unanswered questions. This is significant from the fundamental point of view to study 
the physics of interacting particles, non-interacting particles, surface spins, grain 
boundary effects, spin glass behavior and superparamagnetism. A clear understanding 
of these phenomena will lead to the production of new devices, which will replace the 
old ones or remove obsolescence, The tasks undertaken in this particular investigation 
encompass only miniscule of the above problems and its related effects. 
Most of the envisaged objectives have been fulfilledto a certain extent. There 
is always scope for further studies, improvement and innovation. Though the anomaly 
observed in the magnetic properties could be explained satisfactorily, conclusive 
evidence for specific system is necessary. This is an area, which is wide and open. 
Thin films could be grown on Ni-Cu-Zn and Cu-Cd-Ni NPs using RF 
sputtering or pulse laser deposition technique. A systematic study on these films will 
surely throw more light on the surface properties exhibited by these materials in the 
thin film form. The epitaxial growth of thin films of these materials in different 
condition and different substrates and their characterization by Conversion Electron 
Mossbauer Spectroscopy (CEMS) and do magnetization data at tow temperature in 
ZFC and PC modes would be of great help for the deep considerate of thin film 
systems. This will be another good proposition from the physics point of view and 
also from the application point of view. This is because magneto-optical devices or 
magneto-optical sensors could be prepared based on these films. Recent observations 
in systems like Ni-Cu-Zn have been revisited because of potential applications in 
(MLCIs). As MLCIs are applied in large amounts in various electronic circuits and 
they have greatly benefited the miniaturization of many latest electronic products, 
including mobile phones, note book computers and video cameras. 
Though there has been `plenty of room at the bottom' but the exploration 
have been shallow and there is a huge scope for exploring the `bottom' further and 
there is more and more hidden truths at the `bottom"! 
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